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Inhibiting actin polymerization disrupts the cell-cell junction showing that continuous 
actin polymerization is required for maintaining tissue cohesion. The actin cytoskeleton 
maintains cell-cell cohesion by converting weak homophilic bonds between the cadherin 
cell adhesion molecules into strong adhesion. However, the most popular models to 
explain the role of actin at the junction do not require dynamic actin networks. According 
to these models, actin polymerization builds contractile actomyosin networks which pull 
on cadherins and strengthen the mechanosensitive bonds (the contractility model) or 
the fence around clusters of cadherins which mediate stronger adhesion than single 
cadherins (the clustering model). Actin polymerization could no doubt achieve these 
functions but what might be the most direct or evolutionarily primitive function of actin 
polymerization at junctions? Here I propose an alternative model which emphasizes on 
the most conceptually direct consequence of continuous actin polymerization: using the 
energy from ATP hydrolysis by the polymerization motor to drive plasma membrane 
protrusions; actin polymerization dependent, outwardly directed protrusive forces press 
the membranes of neighboring cells together in favor of cadherin homophilic binding. In 
Chapter 2, I show that filopodium-like actin microspikes protrude perpendicularly at the 
apical junction to deliver cadherins to where cadherins are missing on the neighboring 
cell, functioning as a repair mechanism for small defects in the otherwise continuous 
cadherin belt; myosin II contractility, contrary to the popular belief, actually destabilizes 
junctions. In Chapter 3, I show that interdigitated actin microspikes are engaged with 
one another through cadherin homophilic bonds at lateral junctions; patches of 
microspikes appear as micrometer sized cadherin puncta and are a stable form of 
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junction in established epithelia, not only in newly forming tissues; molecular clustering 
of cadherins persists independently of actin polymerization and do not account for 
mesoscale cadherin puncta as long believed. Both apical and lateral microspikes 
depend on actin polymerization factors Arp2/3, EVL, and CRMP-1 and are antagonized 
by myosin II contractility. Lacking microspikes destabilizes apical and lateral junctions; 
lacking myosin II ATPase function has no such effect. My works explain why continuous 
actin polymerization is required for maintaining strong cadherin adhesion while myosin II 
contractility is dispensable. My works provide a parsimonious explanation for the 
continuous actin polymerization at junctions by invoking a process (fast, micron-sized 
membrane protrusion and retraction) that can be achieved by no other cellular 
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CHAPTER 1: GENERAL INTRODUCTION 
 
How is strong cell-cell adhesion maintained? 
1. The actin cytoskeleton is required for strong adhesion 
Actin is associated with cadherin mediated cell-cell adhesion the moment it is just 
formed: individual cells send out actin dependent lamellipodial and filopodial protrusions 
to form cadherin adhesive contacts with another cell (Vasioukhin et al., 2000; Adams et al., 
1998). These punctate contacts later merge into a linear junction in polarized epithelial 
cells which is believed to be the stronger form of adhesion (Vasioukhin et al., 2000; Adams 
et al., 1998) (Figures 1.1, 1.2). However, many cell types like fibroblasts keep using the 
punctate contacts as the mature form of adhesion (Franke et al., 2009; Niessen and 
Gottardi, 2008). The linear junction is associated with an actin belt that is contractile and 
under line tension in some epithelial cell types like the colorectal cancer Caco-2 cells 
and breast cancer MCF-7 cells (Ren et al., 2009; Wu et al., 2014) (Figure 1.3). Apical 
junctions are tout in these cells. Other non-transformed cell types show variable 
degrees of junctional contractility: MDCK (kidney) and MCF10A (breast) show a wavy 
junction that is less tensile (Figure 1.4); Eph4 (breast) cell show straight junctions. 
Regardless of the junction morphology, actin is invariably required for the stability 
at these junctions. Inhibiting actin polymerization leads to junction disassembly. But 
what exact role does actin plays is not fully understood. Based on its general properties, 
the actin cytoskeleton may contribute to cell-cell adhesion by 1) coupling cells 
mechanically through surface adhesion molecules, 2) forming the entire cell cortex to 
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support the plasma membrane, and 3) participating in the traffic of membrane proteins 
as part of the endocytic machinery or the molecular motors’ tracks. Importantly, the 
structures and dynamics of actin arrays for these 3 functions are vastly different. 
Further, actin shares these 3 functions with the intermediate filaments, the spectrin and 
septin membrane cytoskeletons, and the microtubules, respectively. These 
cytoskeletons are interdependent and their effects not simply additive, making our 
interpretation of actin perturbation experiments prone to oversimplification. Although 
actin is structurally crucial for endocytosis in some systems like yeast (Kaksonen et al., 
2003), actin’s role in the clathrin/dynamin-dependent traffic of surface adhesion 
molecules (e.g. cadherins) is likely regulatory (Izumi et al., 2004). Here we thus focus 
on the first 2 functions. Previous studies mostly focused on the first function because 
the physical interactions between the adhesion molecules and actin resemble the 
architectural structures we are conceptually familiar with, are easy to interrogate 
biochemically, and may thus offer psychological assurance to researchers (Gates and 
Peifer, 2005). However, we argue as follow that this function, conceptually derived from 
the tensile properties of actin, has limited our imagination. 
Two most popular model to explain actin’s role is to promote clustering of 
cadherins (Yap et al., 1997; Sako et al., 1998; Harrison et al., 2011; Quang et al., 2013; 
Engl et al., 2014; Wu et al., 2015) and to transmit myosin dependent contractile forces 
to pull on cadherin clusters (Yonemura et al., 2010; le Duc et al., 2010; Buckley et al., 





2. The argument for contractility 
How might force strengthen adhesion? 
Mechanosensitive cadherin cytoplasmic complex. Many proteins are found to respond 
differently under mechanical load thus can provide mechanosensitive regulation of the 
protein complex formed on the cadherin cytoplasmic tail. Inside alpha-catenin 
(Yonemura et al., 2010), vinculin (le Duc et al., 2010), and ZO-1 molecules (Spadaro et 
al., 2017), multiple domains interact with one another to lock the molecule in a self-
inhibitory state; mechanical load can either unfold some domains’ secondary and 
tertiary structures or open the entire molecule to expose buried motifs to form high 
affinity interactions with actin or other factors (Bush et al., 2019; Choi et al., 2012). The 
cadherin/beta catenin/alpha catenin complex is thought to be the “minimal” 
mechanosensitive complex; it binds to actin at a higher affinity when the actin filament is 
pulled away from the complex in the reconstituted system (Buckley et al., 2014). This 
result powerfully shows the cadherin complex may work by a mechanism like the 
“molecular clutch” proposed for the integrin/talin and actin at the cell-substrate 
adhesion: talin grabs and holds in place the actin filaments that are being transported 
towards the cell center or posterior, thus the net effects of protrusive forces generated 
by actin polymerization are to push membranes outward or forward instead of pushing 
the actin filaments inward o backward (Swaminathan and Waterman, 2016). However, 
Buckley et al’s optical trap may not faithfully recapitulate the polarity of actin filaments at 
the junction inside cells; the proposed clutch could equally work for actin filaments that 
are parallel or perpendicular to the cell surface (Figure 1.2). Other factors like EPLIN 
are also recruited to the junction in a contractility dependent manner though whether 
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they undergo similar conformational changes is unclear (Abe and Takeichi, 2008; 
Taguchi et al., 2011). 
Mechanosensitive actin polymerization. Actin polymerizers VASP (Leerberg et 
al., 2014; Oldenburg et al., 2015) and formin Dia1 (Acharya et al., 2017) are localized to 
the apical junction in a myosin contractility dependent manner, which is thought to make 
more actin filaments to strengthen the junction. This model takes its historical root in the 
classic experiment where cortical actin filaments are polymerized at the contact sites of 
cadherin coated beads that are twisting in a magnetic field, which stands as one of the 
first direct evidences of mechanotransduction (le Duc et al., 2010; Wang et al., 1993). 
However, the recent studies fail to establish a causal relation between the increased 
actin filaments with the recruitment of polymerizers. The alternative explanations are 
that the polymerizers localization is proportional to actin filament plus end concentration 
which can be increased due to other means like depolymerization. The most convincing 
experiment to address these questions is to quantitatively compare the dynamics of the 
polymerizers and actin filaments using fluorescence speckle microscopy (FSM). Despite 
early work showed no retrograde flow of actin filaments at epithelial apical junctions 
(Waterman-Storer et al., 2000), recent work shows actin filaments perpendicular to the 
junction in Drosophila (Coravos and Martin, 2016) and retrograde flow within a punctate 
form of cadherin contacts in mammalian cells (Indra et al., 2020). The very thin cortex in 
mammalian cells (~200 nm, which would be the course of retrograde flow should it 
exists) and the limited axial resolution of FSM for polarized cells are the difficulties. One 
may start simple by instead looking at cells spreading on cadherin ectodomain coated 
surface (Biswas et al., 2015). 
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Cadherin ectodomain catch bonds. Cadherin homophilic interaction are found to 
become a high affinity catch bond if being pulled, like that between P-selectin on the 
rolling leukocytes and its ligand on the vascular surface. Force is found to increase the 
binding probability (Rakshit et al., 2012; Sivasankar et al., 1999). This model has yet to 
be tested inside cells. 
 
Is contractility required for strong cell-cell adhesion? 
This question is to be distinguished from the next question regarding myosin: though 
myosin is the major executer of contraction, contractility can be mediated without 
myosin sliding (Mendes Pinto et al., 2012). The consensus answer to this question is 
yes despite significant counter evidences have emerged. 
Contractility as a very broad term describes many different cellular processes 
(bray, science) but the field has essentially equated the term with myosin driven 
contraction of the actin network that is linked to cadherin at the apical junction (Salbreux 
et al., 2012). However, contractility at its 3 major sites (apical junction, basal apparatus, 
and the cortex as a continuum) seems to work independently of and even against each 
other. In a special case where 2 cells adhere to each other beside both adhering to the 
substrate, the net pulling force by the substrate on 1 of the cells is balanced by the 
pulling force by the other cell; in the narrowest sense, the cell-cell force and the cell-
substrate force are antagonistic of each other at 2-cell scale (Cai et al., 2014; 
Maruthamuthu et al., 2011). This relation might not apply to a cell in the middle of a 
monolayer as the cell experiences pulling forces from all, instead of just one, of its 
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neighbors. On the other hand, cadherin based apical and lateral junctions and integrin 
based focal contacts suppress each other through cell signaling. Here we focus on the 
contractile networks that are physically linked to the cadherin adhesion. 
The junctional actin filaments seem to emerge from the actin cortex based on 
electron microscopy (Hirokawa and Tilney, 1982). Despite in certain cell types 
sarcomeric actomyosin units are the form of actin at the apical junction (Ebrahim et al., 
2013), this might be a very special case. Such sarcomeric units are seen in some cells 
only when contractility is hyperactivated (Choi et al., 2016; Fanning et al., 2012). 
However, actin might still adopt certain polarity instead of being mostly isotropic as in 
the cortex of individual cells or in the cortex below the apical surface in epithelial cells 
(Fritzsche et al., 2016). As mentioned above, actin filaments are found at a 
perpendicular angle towards the adhesive surface in some cells (Coravos and Martin, 
2016; Hirokawa and Tilney, 1982), though it is more widely accepted that actin bundles 
are aligned parallel to the adhesive surface (Figure 1.2). Laser cutting experiments 
show that the adhesive surface that is severed in the middle remain attached in the rest 
of the area but recoils towards the cell vertices like severed rubber bands (Kiehart et al., 
2000; Wu et al., 2014). In one case, the ablated adhesive surface detaches and the two 
cells’ membrane recoil away from each other (Arnold et al., 2019). Though the relation 
between the filament polarity and the recoil direction may not be causal. Further, both 
the newly created ends and the vertices on the severed junction recoil, suggesting the 
tension is intercellular. Two alternative scenarios in which only the severed ends or 
vertices recoil may reveal unknown properties of the junctional actin should they are 
found to be true.  
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An alternative model where the cortex contracts as a continuum might equally 
explains the observed contractile behaviors at the junction. MDCK cells contract its 
circumference by 20% on the cycle of 5–10 minutes in a myosin II dependent manner 
(Kannan and Tang, 2015). Meanwhile, cells likely experience cyclic tension due to 
circulation pressure and thus paced by heart beats (~1 Hz), which can increase 
junctional actin abundance and strengthen the junction (Kannan and Tang, 2015). In the 
second process, the force is transmitted by cadherin across the membrane but how it is 
translated into cell signaling is not fully understood. The contractile force in the first 
process is likely to be much stronger and slower than the latter. The purpose of this 
tissue-scale contraction is unknown, possibly as a mechanosensory mechanism to 
decide cell growth and death to maintain cell density homeostasis (Eisenhoffer et al., 
2012; Kannan and Tang, 2015). It also remains to be tested whether this strong 
contraction causes tissue tearing. What is clear is the tissue cohesion does not depend 
on myosin II contractility (Miyake et al., 2006; Vaezi et al., 2002). Thus, it is possible 
that the myosin II dependent cortical contraction weakens the junctions while a myosin 
II independent mechanism strengthens junctions. It will be very telling to identify 
additional ways other than myosin II inhibitors to independently perturb these two 
processes and ask whether junction is stronger or weaker. It seems the membrane 
bound myosin 1c selectively participates in the second process to strengthen the lateral 
cortex and membrane-cortex adhesion (Kannan and Tang, 2018). 
Some papers also have equated contractility with the Rho GTPase pathway. 
Even Rho is a major regulator and good indicator of cellular contractility, its functions go 
beyond contractility. Rho activates ROCK (Rho associated protein kinase) and the 
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formin Dia1, which weakens and strengthens junctions, respectively (Sahai and 
Marshall, 2002). Classic studies show that Rho is required for junction maintenance in 
established tissues (Braga et al., 1999). Interestingly, Rho in both GDP and GTP bound 
states activate Dia1 but only the GTP bound state activates ROCK, which could provide 
a regulatory mechanism. A recent breakthrough showing that Rho activity is mainly 
regulated by Rho GDI mediated depletion from the membrane should be taken into 
consideration for Rho’s functions at junctions (Golding et al., 2019). Another classic 
target of Rho, LIMK which phosphorylates and deactivates cofilin and thus regulating 
actin, has neither received enough attention in junction studies (Yang et al., 1998). 
ROCK kinase inhibitor does not break the junction between keratinocytes, 
instead turning the radial actin fibers pulling the junction into wavy lamellipodia (Vaezi et 
al., 2002). This confirms numerous early studies which used drugs that are less specific 
but showed contractility is not required for junctional integrity despite it regulates 
junctional morphology (CITI et al., 1994; Krendel et al., 1999; Volberg et al., 1994). 
These studies have not received enough attention.  
 
Is myosin required for strong cell-cell adhesion? 
The answer is inconclusive. Most studies focused on nonmuscle myosin II (NMII), the 
major motor in the actin cortex. Many studies have shown myosin II are excluded from 
the junction, only localizing to the more interior part of actin fibers that terminate in the 
junction (Indra et al., 2020). The studies using the most specific myosin ATPase 
inhibitor, blebbistatin, show contradictory results (Miyake et al., 2006). One study found 
9 
 
blebbistatin prevents the formation of tight junction but not adherens junction in calcium 
switch assay (Ivanov et al., 2005). Another found blebbistatin mislocalizes cadherin 
from apical junctions though defects in tissue integrity were not reported or not 
examined at all (Shewan et al., 2005). However, knockdown of one or more of the 
A/B/C isoforms of myosin II prevents adherens junction formation (Heuzé et al., 2019; 
Smutny et al., 2010; Wu et al., 2014).  
The contradictory results between pharmacological and genetic inhibition of 
myosin II remains a significant unsolved question. It might be explained by the fact that 
myosin II can function both as a motor and a structural component of the actin network 
(Palani et al., 2017). Blebbistatin inhibits the motor ATPase activity and prevents myosin 
from binding to actin whereas knockdown removes myosin all together. Blebbistatin is 
not expected to affect myosin filament assembly but lowering myosin monomer 
concentration by knockdown is. One can imagine that a multimerized myosin II filament 
may still crosslink actin filaments even if only 2 of its myosin heads retain their ATPase 
activity due to pharmacological inhibition. If myosin maintains junction mainly by its 
crosslinking activity, then this may explain the contradictory results. 
Lastly, myosin is a large family of structurally different proteins. Besides the two 
headed NMIIs, membrane bound nonconventional myosin I and VI are also involved in 
adhesion. As mentioned above, myosin I might specifically strengthen the membrane-
cortex adhesion (Kannan and Tang, 2018). Another myosin, VI, switch from a motor to 
an anchoring protein under mechanical load and is thought to mediate 
mechanotransduction at junctions (Maddugoda et al., 2007). These myosins are less 
sensitive to blebbistatin than myosin II, which might explain the intact junction after 
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blebbistatin treatment. These myosins might be regulated differently from NMII as well, 
by calcium dependent calmodulin binding but not Rho-ROCK-MLCK dependent 
activation. 
In contrast to multimerized myosin II, the motor and anchoring functions might be 
inseparable for one headed myosin I. This may explains why an ATPase mutant that 
fails to bind to actin destabilizes apical junctional in MDCK cells and caused inward 
blebbing (Kannan and Tang, 2018). When myosin I walks, it must move membrane and 
actin relative to each other; when myosin II contracts, the immediate consequence is 
sliding of the actin filaments while the membrane would not move unless it is tether to 
actin. In this sense, maybe myosin I is a conceptually more obvious candidate for 
maintain membrane cohesion between two cells than myosin II.  
 
3. The argument for clustering 
The clustering model suggests that cadherins aggregate into supramolecular 
assemblies as a more stable organization. The clustering was proposed based on the 
cis dimer model which suggests that homophilic bonds (trans interactions) form 
between dimers from each cell. Then it was shown that forced oligomerization of 
cadherin lacking the catenin-binding cytoplasmic domain can provide adhesive 
functions (Yap et al., 1997). At the same time, biophysical studies show that membrane 
proteins including cadherins are trapped in diffusion barriers due to both tethering and 
corralling by the cytoskeleton which likely involves the actin cytoskeleton as well as the 
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spectrin cytoskeleton. These observations led to the “picket fence model” for membrane 
protein organization (Iino et al., 2001; Sako et al., 1998). 
This model is rooted in the classic observation that cadherins appear as small 
puncta in fixed cells and less obviously so in live cells. The sizes of the reported puncta 
vary significantly, ranging from sub diffraction limit to micrometer scales. There are 
many evidences supporting this model and two of the strongest arguments are from 
super resolution microscopy and crystal structures, respectively (Harrison et al., 2011; 
Quang et al., 2013). First, super resolution microscopy enabled the counting of the 
number of molecules and their density in the clusters in live cells. Second, the density in 
the cluster is close to the density of cadherins in the crystal lattice. 
The leading opinion of the function of actin in cadherin clustering has evolved 
from the picket-fence to guide clustering to picket-fence again. Actin is found 
colocalized to the cadherin clusters during junction formation and guide these cluster 
(Vasioukhin et al., 2000; Adams et al., 1998). Similar conclusion is drawn for cadherin 
clusters moving from basal to apical side in some transformed cells (Kametani and 
Takeichi, 2007). More recently, super resolution microscopy shows that actin forms the 
boundary of cadherin clusters but does not colocalize with the clusters, drawing our 
attention back to the picket-fence model (Wu et al., 2015).  
The biggest problem of this model is the ill-defined concept “cluster” itself. 
Ranging from cadherin oligomers to micrometer sized cadherin puncta all have been 




4. An alternative model based on actin protrusions 
The general effect of contractile forces are the plasma membrane being pulled towards 
the center of the cell whereas actin protrusions push the membrane outwards. When 
the adhesion fails, contractile forces will pull the free cadherins further apart disfavoring 
adhesion reformation, but actin polymerization dependent pushing forces may bring 
cadherins from two cells close. Actin protrusions are thus better suited for a repair 
mechanism than contractility (Figure 1.5). My first work tested and found support of this 
hypothesis (Chapter 2). My second work tested and showed the generality of the actin 
protrusion model and whether it could be a constitutive mechanism (not just an on-
demand repair mechanism) for cadherin adhesion maintenance independent of 







Figure 1.1. Apical junctional complex in the rat intestinal mucosal epithelia. Tight 
junction, between 1–2 (intercellular distance/ID ~9 nm). Adherens junction, 2–3 (ID ~20 
nm). Desmosome, 4–5 (ID ~24 nm). Note the actin filaments at the adherens junction 
and in the microvilli (mv), rootlets (r), and terminal web (tw) (Farquhar and Palade, 




Figure 1.2. S1-decorated actin filaments in chick ear hair cells. (A) The barbed ends of 
actin filaments connect perpendicularly to the membrane near tight junction (T). Some 
filaments are parallel to the membrane. (B) Filaments parallel to the membrane at 
adherens junction encircles the cell as a contractile ring (top in the image); they are in 
the mixed polarity with one another (arrows). More center in the cell are the cross 
sections of the microvillus rootlets (bottom in the image). (Hirokawa and Tilney, 1982). 




Figure 1.3. Apical junction in the nonsensory epithelial cells of mouse ear. These cells 
surround the hair cells. (A) Nonmuscle myosin II-C, actin, and alpha-actinin form 
sarcomeric units at junction. (B, C) Intensity of claudin (red curve, tight junction marker), 
NMIIC (green), and E-cadherin (blue) (y-axis) are plotted against z-positions (x-axis) 
which shows that the contractile ring is at the level of tight junction but above adherens 





Figure 1.4. Myosin does not form sarcomeric units in a typical epithelial cell type (dog 
kidney tubular MDCK), unless ZO-1 and ZO-2 are knocked down (Fanning et al., 2012). 
Reused with permission under an Attribution–Noncommercial–Share Alike 3.0 Unported 




Figure 1.5. When the cadherin adhesion fail, contractile forces may pull the membranes 
further apart (A) whereas actin polymerization may push cadherins together (B).  
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CHAPTER 2: TESTING THE CONTRACTILITY MODEL 
 
Actin protrusions push at apical junctions to maintain e-cadherin adhesion1 
Abstract 
Cadherin mediated cell-cell adhesion is actin dependent, but the precise role of actin in 
maintaining cell-cell adhesion is not fully understood. Actin polymerization-dependent 
protrusive activity is required to push distally separated cells close enough to initiate 
contact. Whether protrusive activity is required to maintain adhesion in confluent sheets 
of epithelial cells is not known. By electron microscopy as well as live cell imaging, we 
have identified a population of protruding actin microspikes that operate continuously 
near apical junctions of polarized MDCK cells. Live imaging shows that microspikes 
containing E-cadherin extend into gaps between E-cadherin clusters on neighboring 
cells while reformation of cadherin clusters across the cell-cell boundary correlates with 
microspike withdrawal. We identify Arp2/3, EVL, and CRMP-1 as three actin assembly 
factors necessary for microspike formation. Depleting these factors from cells using 
RNAi results in myosin II-dependent unzipping of cadherin adhesive bonds. Therefore, 
actin polymerization-dependent protrusive activity operates continuously at cadherin 
cell-cell junctions to keep them shut and to prevent myosin II-dependent contractility 
from tearing cadherin adhesive contacts apart. 
 
1 This chapter is published in (Li et al., 2020a). Dr. Vivian Tang contributed the electron 
micrographs and membrane-YFP live images in Figures 2.1 and 2.6; Dr. William Brieher 
co-wrote the text. © Li, Tang and Brieher; reuse in this dissertation is permitted by the 
National Academy of Sciences. 
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All solid tissues rely on cadherin family cell-cell adhesion molecules for their 
cohesion and organization. Cadherin adhesive function depends on the actin 
cytoskeleton, but actin’s contribution to cell-cell adhesion is not fully understood. We 
demonstrate that actin polymerization dependent protrusive activity operates 
continuously to push lateral membranes of neighboring cells together to keep cadherins 
in contact. Actin dependent protrusive activity functions as a safety mechanism to 
quickly repair cadherin adhesive junctions whenever they fail and to prevent myosin 
dependent contractile forces from tearing the junctions further apart. Since loss of 
cadherin adhesion is associated with a number of diseases including cancer 
progression, then mis-regulation of actin protrusive activity should be considered as a 
possible contributing factor to epithelial pathophysiology. 
 
Introduction 
Cadherin family cell-cell adhesion molecules are essential for tissue cohesion and 
organization throughout life. While the cadherin ectodomain mediates homophilic 
binding, strong adhesion requires contributions from cytosolic factors including the actin 
cytoskeleton (Takeichi, 2014). The apical junction of cell-cell interface is the prominent 
site of actin polymerization in epithelial cells even long after the junction has been 
established (Verma et al., 2004; Tang and Brieher, 2012; Coravos and Martin, 2016). 




Cells generally organize actin into two flavors of architecture: contractile networks that 
use myosin to generate pulling forces or protrusive networks that use actin 
polymerization to generate pushing forces (Blanchoin et al., 2014). Actomyosin 
contractility, for example, plays a major role in cadherin biology, especially during 
development when cadherin adhesive junctions propagate tensile forces across 
interconnected sheets of cells to drive various cell movements (Wickström and Niessen, 
2018). Contractility also contributes to junction maturation and stabilization in epithelial 
sheets (Kannan and Tang, 2015, 2018). Junctional actin polymerization is suggested to 
build contractile actomyosin (Carramusa et al., 2007; Verma et al., 2012; Leerberg et 
al., 2014; Wu et al., 2014; Rao and Zaidel-Bar, 2016; Acharya et al., 2017). 
Observations in cells strongly suggest that cadherin-catenin complexes couple to 
contractile actin networks and that the complex is under tension (Yonemura et al., 2010; 
Borghi et al., 2012; Kannan and Tang, 2018). 
Coupling cadherins to the contractile actin cytoskeleton offers great 
morphogenetic power to sculpt tissues, but relying on only contractile forces to stabilize 
junctions in established epithelia is not fail-safe. In vitro measurements show that 
piconewton pulling forces stabilize the connection between the cadherin-catenin 
complex and F-actin (Buckley et al., 2014). In addition, myosin-dependent contractility 
leads to adherens junction remodeling, perhaps to fortify the junction and make it 
resilient against tearing (le Duc et al., 2010; Huveneers et al., 2012; Leerberg et al., 
2014; Kannan and Tang, 2015). But continuing to pull on a broken junction would only 
tend to propagate the defect, which could tear tissues apart (Jodoin et al., 2015; Martin 
et al., 2010; Tang and Brieher, 2013; Yu-Kemp et al., 2017). Cadherin-mediated 
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adhesion is important, and cells tend to evolve safety mechanisms to ensure that 
important functions remain robust in the face of a perturbation or occasional failure.  
We thus reasoned that actin polymerization-dependent protrusive activity might 
operate as a safety mechanism to keep lateral membranes of neighboring cells close to 
each other to promote E-cadherin binding. Protrusions are known to be important for 
initiating the formation of cell-cell adhesion at the leading edge of motile cells 
(Vasioukhin et al., 2000; Adams et al., 1998). But cell-cell adhesion in mature epithelial 
sheets (Smutny et al., 2011; Erami et al., 2016; Kannan and Tang, 2015, 2018; 
Nishimura et al., 2016) is intrinsically more stable than that in newly forming epithelial 
monolayers (Vasioukhin et al., 2000; Adams et al., 1998). Previous work in endothelial cells 
have shown lamellipodium- and filopodium-like protrusions at the junctions of motile 
cells and newly forming monolayers (Brevier et al., 2008; Hoelzle and Svitkina, 2012; 
Abu Taha et al., 2014; Paatero et al., 2018; Efimova and Svitkina, 2018). At mature 
endothelial junctions, lamellipodium-like protrusions crawl over the top of the 
neighboring cell at the sites lacking VE-cadherin clusters, so that VE-cadherin clusters 
can form at the new cell-cell contact created by the lamellipodium and integrate into and 
strengthen the linear junction when the lamellipodium retracts (Abu Taha et al., 2014). 
At unstable or remodeling endothelial junctions, bundled actin structures from one cell 
are engulfed by the neighboring cell and associated with VE-cadherin, though they are 
thought to enhance adhesion through filopodial retraction (Huveneers et al., 2012; 
Brevier et al., 2008; Hoelzle and Svitkina, 2012; Hayer et al., 2016). Above all, whether 
protrusive activity continues to operate in mature epithelial junctions is not known. 
Junctional actin assembly in epithelia depends on factors associated protrusive actin 
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networks (Kovacs et al., 2002; Verma et al., 2004; Tang and Brieher, 2012; Yu-Kemp et 
al., 2017). Thus, we looked for protrusive activities in MDCK (kidney tubular epithelial) 
cell sheets 3–4 days post confluency with established apical-basal polarity.  
 
Results 
By thin-section electron microscopy we found membrane protrusions of 389 ± 21 nm in 
length (mean ± SEM, n = 20 microspikes) that burrowed into neighboring cells near the 
apical junctional complex in MDCK cells (Figure 2.1 A and B and Figure 2.6A). 41% 
junctions (n = 66) in MDCK cells have protrusions. We also examined Caco-2 intestinal 
epithelial cells (C2bbE1 clone) and found protrusions at 41% junctions (n = 51) (Figure 
2.1C and Figure 2.6A). Lateral membrane protrusions have long been recognized (Tang 
and Brieher, 2012; Vaezi et al., 2002), but we found protrusions also prevalent near 
apical junctional complex which consists of tight junctions and adherens junctions 
(Takeichi, 2014). The intercellular distance between the tip of a protrusion and the 
neighboring cell’s membrane is 20–40 nm resembling that between adherens junctions 
(Figure 2.1B) (Boggon et al., 2002; Farquhar and Palade, 1963; Sivasankar et al., 
1999). Using live cell imaging of F-actin marker UtrCH, we discovered similar 
filopodium-like microspikes (Figure 2.1D) (Mattila and Lappalainen, 2008). By 
examining a single labeled cell in a cell sheet, we were able to see membrane 
structures that are otherwise masked by homogenous labeling, like 
immunofluorescence. Actin microspikes are 381 ± 18 nm long and persist for 6 ± 1 s 
(median ± SEM, n = 91 microspikes, Figure 2.6B) and undergo dynamic elongation, 
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retraction and pivoting (Figure 2.1E, Figure 2.6C and Movie 2.1). They elongate and 
retract at the average rate of 1.1 m min-1 and -1.1 m min-1, respectively (Figure 2.1F). 
After falling back into the cell body, some microspikes bundle with the junctional actin 
belt (Figure 2.6C). The frequency of actin microspikes is 0.53 ± 0.05 per μm of junction 
length per minute (mean ± SEM, n = 20 cells). Membrane-targeted YFP also showed 
dynamic protrusions (Figure 2.1G, Figure 2.6E and Movie 2.2). The frequency of 
membrane protrusions is 0.41 ± 0.04 μm-1 min-1 (mean ± SEM, n = 21 junctions in 5 
cells). Blocking actin filament (+) end dynamics with cytochalasin D (Bear et al., 2002) 
eliminated microspikes, indicating their dependence on actin assembly (Figure 2.1H). 
Simultaneous imaging of actin and E-cadherin and kymograph analysis showed E-
cadherin tracks the tip of 88% elongating microspikes (n = 33) and 86% retracting 
microspikes (n = 21), respectively (Figure 2.1E and Figure 2.6D).  
We next asked which actin assembly factors promote microspikes. Previous work 
identified EVL, CRMP-1 and Arp2/3 as three factors necessary for actin assembly at 
apical cell-cell junctions (Verma et al., 2004; Tang and Brieher, 2012; Yu-Kemp et al., 
2017). Arp2/3 nucleates the formation of new actin filaments (Mullins et al., 1998) while 
EVL and CRMP-1 form a complex that elongates the (+) ends of existing actin filaments 
(Yu-Kemp et al., 2017). Immunofluorescence showed that all three factors localize to 
apical junctions (Figure 2.2 A–C). We therefore tested the role of each factor in 
microspike formation using RNAi knockdown. Depletion of EVL, CRMP-1 or the Arp3 
subunit of Arp2/3 complex with previously validated interfering RNAs (Yu-Kemp et al., 
2017) reduced microspikes (Figure 2.2 D and E and Movie 2.3). Conversely, 
overexpressing EVL or CRMP-1 led to more microspikes which are longer and more 
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stable (Figure 2.7 E–K). Filopodia and microspikes extend by elongating parallel actin 
bundles from their (+) ends (Mattila and Lappalainen, 2008), consistent with EVL and 
CRMP-1’s function (Lanier et al., 1999). Though Arp2/3 does not make actin bundles, 
the branched actin it produces serves as the base from which microspikes extend (Lee 
et al., 2010; Svitkina et al., 2003).  
EVL, CRMP-1 or Arp2/3 depletion also leads to junction failure and cell sheet 
tearing (Tang and Brieher, 2013; Yu-Kemp et al., 2017), so we examined the 
distribution of E-cadherin in these cells. We mixed cells expressing E-cadherin-GFP and 
E-cadherin-mChe and imaged junctions that formed between them. In control cells 
adjacent membranes are in close contact through cadherin cell-cell contacts. In EVL-
depleted cells, these contacts are unstable and spontaneously unzip into deep 
invaginations (Figure 2.3 A and B, Figure 2.8 and Movies 2.4 and 2.5). Invaginations 
are hemispherical or even tubular (Figure 2.3A, EVL RNAi Z = 3 μm) and can last for 
minutes (Figure 2.3B and Movie 2.5). Every μm2 of cell-cell contact has 0.04 
invaginations in EVL-depleted cells compared to 0.01 invaginations in control (Figure 
2.3C). These invaginations can be ~1 µm deep (Figure 2.3D), much larger than clathrin-
coated pits which are 70–200 nm (McMahon and Boucrot, 2011). Failures in cadherin 
adhesive bonds cause junctions to detach and blister, which makes the cell sheet prone 
to tearing (Yu-Kemp et al., 2017). 
The number of microspikes is inversely related to the number of invaginations at 
the apical junction in the cell suggesting that protrusive activity prevents unzipping of 
cadherin adhesions (Figure 2.3E). To test whether microspikes can exert pushing forces 
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on the opposing membrane of the neighboring cell to prevent junction unzipping, we 
simultaneously imaged microspikes in one cell and the membrane labeled by E-
cadherin in the neighboring cell (Figure 2.3F and Movie 2.6). Microspikes correlate with 
the indentations but not the bulges on the neighboring cell’s membrane, consistent with 
the electron microscopy (Figure 2.1 A–C). Furthermore, E-cadherin on the opposing 
membrane tracks the retracting microspike. 84% of microspikes and opposing 
membranes show this type of dynamics (n = 51 microspikes in 5 cell pairs from two 
experiments) (Figure 2.9A). Therefore, microspikes project cadherins into neighboring 
cells (Figure 2.1E) and indent the opposing membrane in established epithelial sheets, 
not just in newly forming cell-cell contacts (Vasioukhin et al., 2000; Adams et al., 1998). 
To better understand the relation between microspikes and cell-cell adhesion, we 
imaged E-cadherin and actin markers expressed in the same cell. The two markers’ 
intensity profiles along the junction largely overlap indicating that E-cadherin is present 
in protruding microspikes (Figure 2.3G and Movie 2.7). Furthermore, the changing 
pattern of intensity profiles supports that E-cadherin is concentrated into dynamic 
clusters that can appear or disappear over time in correlation with actin (Wu et al., 
2014). 
Microspikes always correlate with the E-cadherin in the same cell (Figure 2.3G). 
However, previous work showed that it is possible for E-cadherin clusters in a trans 
adhesion to dissolve on only one side of the junction (Indra et al., 2018). Therefore, we 
wished to know the dynamic relationship between microspikes in one cell and cadherin 
clusters in a neighboring cell. To examine this, we labeled E-cadherin in one cell and 
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actin in the neighboring cell. In contrast to the coordinated activities between E-cadherin 
and actin in the same cell, actin intensity in one cell anti-correlates with E-cadherin 
intensity in the neighboring cell (Figure 2.3G, Figure 2.9A and Movie 2.7). This suggests 
that microspikes extend into the gaps between E-cadherin clusters. Their dynamical 
relation is most easily seen from the intensity profiles which tracks the behavior of four 
microspikes over time: microspikes at positions 1 and 3 initiated and advanced while 
microspikes at positions 2 and 4 were extant and subsequently dissolved (Figure 2.3G). 
Comparing actin intensity to E-cadherin intensity shows that a microspike initiated within 
~20 s of the disappearance of E-cadherin (pos. 1 at 40–50 s, pos. 3 at 10–40 s and pos. 
4 at 0–20 s). In contrast, microspikes disappeared within ~20 s after filling of the gap in 
E-cadherin intensity (pos. 2 at 0–30 s and pos. 4 at 30–40 s). The gap is not filled by 
merging of adjacent E-cadherin clusters as observed when junction is just formed 
(Adams et al., 1998) since the clusters remain in their positions (Figure 2.3G) (Cavey et 
al., 2008; Wu et al., 2014), but rather by E-cadherin projected by microspikes (Figure 
2.1D) (Vasioukhin et al., 2000). Therefore, microspikes rise in those sites where 
cadherin-cadherin homophilic binding interactions are absent or failing while restoration 
of cadherin clusters is followed by microspike withdrawal (Figure 2.9B and Movie 2.8). 
Unregulated myosin pulling forces can tear epithelial tissues apart (Jodoin et al., 
2015; Martin et al., 2010), we then tested if contractility causes junction unzipping. 
Inhibiting myosin activity by blocking myosin light chain kinase activity with  1-(5-
Iodonaphthalene-1-sulfonyl)-1H-hexahydro-1,4-diazepine (ML-7) or myosin II-specific 
inhibitor blebbistatin rescued membrane detachment and invaginations in EVL-depleted 
cells that cannot assemble actin protrusions (Figure 2.4 A and B and Figure 2.10A). 
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Furthermore, junctional E-cadherin that was downregulated in EVL-depleted cells can 
be functionally rescued by blebbistatin (Figure 2.4C and Figure 2.10 B and C). 
Remarkably, blebbistatin also increased junctional E-cadherin in a wildtype background 
(Figure 2.4D). Therefore, myosin II-mediated tension weakens E-cadherin homophilic 
adhesion causing junction unzipping (Sahai and Marshall, 2002). 
Inhibiting EVL-mediated actin protrusions led to higher contractility that unzipped 
junctions suggesting that actin protrusions negatively regulate contractility (Figure 2.4A). 
We asked if contractility also negatively regulates microspikes. MLCK inhibition for 30 
minutes did not induce more frequent microspike formation (Figure 2.10D). However, 
prolonged treatment with the inhibitor ML-7 led to increased microspike formation 
(Figure 2.4E). Cellular actin morphology also changed from the diffusive cortical actin 
network to the enriched junctional actin after prolonged myosin inhibition, phenocopying 
the actin morphology in EVL and CRMP-1 overexpressing cells (Figure 2.4E and Figure 
2.7 E and K). This suggests that 1) once myosin tearing force is inhibited, junction 
unzipping stops immediately; 2) contractile actomyosin and protrusive actin regulate 
each other through competition on a longer time scale at the cellular level. 
 
Discussion 
We have identified protruding actin microspikes near apical cell-cell junctions and have 
shown that cadherin adhesive bonds in cells require continuous actin polymerization. 
We think the protrusive activity serves as a repair mechanism to quickly repair failing 
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adhesive junctions, and we propose a model for how it might work (Figure 2.5). 
Dissolution of a cadherin cluster in one cell triggers the formation of an actin microspike 
in the neighboring cell. The elongating microspike, which contains E-cadherin, extends 
towards and indents the plasma membrane of the neighboring cell providing an 
opportunity for re-engagement of cadherin homophilic bonds. We believe this is a 
unique function of the protrusive type of actin networks. Once adhesion is re-
established, the microspike withdraws pulling the actin and the cadherins back into the 
junctional actin belt to strengthen the junction (Hoelzle and Svitkina, 2012; Biswas et al., 
2015). This explains why E-cadherin is correlated with microspikes in the same cell but 
anti-correlated with microspikes in the adjacent cell. Our model provides a new 
explanation for the continuous actin polymerization operating at established junctions 
(Efimova and Svitkina, 2018). 
Inhibiting contractility did not disrupt mature junctions in normal cells. To the 
contrary, inhibiting contractility rescued failing junctions in cells lacking continuous actin 
polymerization. We thus propose in our model myosin II-contractile forces as another 
cause of failing cadherin adhesive bonds. Interestingly then, cadherin homophilic 
binding in cells does not really require the actin cytoskeleton. Rather, actin 
polymerization is necessary to constantly push lateral membranes together because 
contractile forces are always pulling adhesions apart. Once myosin II is inactivated, then 
protrusive activity is no longer required.  
Protrusive activity at cell-cell borders helps explain the otherwise perplexing 
biochemistry of junctional actin assembly. Contractile actin networks are usually 
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assembled through formin-mediated actin polymerization reactions, and some formins 
contribute to junctional actin assembly (Kobielak et al., 2004; Carramusa et al., 2007; 
Rao and Zaidel-Bar, 2016; Acharya et al., 2017; Nishimura et al., 2016). However, other 
studies also implicated Arp2/3 as a key actin assembly factor at cadherin cell-cell 
contacts (Kovacs et al., 2002; Verma et al., 2004; Tang and Brieher, 2012). But Arp2/3 
is more closely associated with the assembly of protrusive actin networks, not 
contractile networks (Blanchoin et al., 2014). Recent work also identified the actin 
filament elongation factors, EVL and CRMP-1, as important for actin assembly near 
cadherin cell-cell contacts (Yu-Kemp et al., 2017). Again, these factors are most closely 
identified with protrusive actin (Yu-Kemp and Brieher, 2016; Yu-Kemp et al., 2017). 
Some of the Arp2/3-dependent actin assembly at junctions is linked to membrane 
trafficking (Bernadskaya et al., 2011). Here we show that these factors continue to drive 
protrusive activity at cell-cell boundaries long after the cells made contact and long after 
whole cell motility ceased. 
Imaging cadherins and actin in living cells shows that cadherin-mediated 
adhesion is a far more dynamic and active process than previously understood (Indra et 
al., 2018; Wu et al., 2014). The physiological necessity of mechanically stable cell-cell 
contacts motivated searches for molecular mechanisms that would stabilize cadherin 
mediated adhesion. The cadherin ectodomain alone was sufficient for homophilic 
binding (Brieher et al., 1996; Sivasankar et al., 1999) while experimentally clustering 
ectodomains in cells could substitute for the cadherin cytoplasmic tail and catenins to 
mediate strong adhesion (Yap et al., 1997). The primary function, then, of the actin 
cytoskeleton was, presumably, to promote cadherin clustering (Hong et al., 2013) either 
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via a direct linkage to the cadherin-catenin complex (Rimm et al., 1995), or through a 
corralling mechanism (Wu et al., 2015). Adhesion was never considered to be static, but 
the earlier mechanistic work did not predict the fast cadherin-catenin-actin dynamics 
that operates normally and continuously at cell-cell contacts. A key challenge for the 
future of adhesion research is to understand the purpose of all these fast actin and 
cadherin turnover dynamics where actin pulls and pushes on cadherin clusters that are 
themselves constantly assembling, dissolving, and trafficking to and from the cell 
surface. Like the actin cytoskeleton itself, cadherin adhesive contacts might be under 
constant construction. While constant construction requires energy, it would allow cells 
to rapidly modulate cell-cell adhesion response to signals. 
 
Methods 
Cell line, maintenance, and transfection  
We maintained MDCK II cells (Kai Simons) in MEM media with L-glutamine (Sandra 
McMaster, Cell Media Facility, UIUC) and 5% fetal bovine serum (Gemini #100-106). 
The same media plus 25 mM Hepes (pH 7.4) minus Phenol Red is used for live cell 
imaging. Live cells were plated in glass bottom dishes (Mattek #P35G-0.170-14-C) and 
immunofluorescence samples on No.1 glass coverslips. We coated all glass surface 
with 100 µg ml-1 Matrigel (Corning #356237). All dual marker imaging for microspikes 
was transient expression since UtrCH stable transfection after drug selection induced 
longer, more stable microspikes in EVL-depleted cells (Figure 2.6). E-cadherin-GFP and 
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-mChe labeling for invagination were stable expression. To generate stable cell lines we 
transfected cells with Lipofectamine 2000 (Life Technologies) and selected with 
antibiotics and collected all surviving cells as a stable cell line. All knockdown cells in 
this article are stable cell lines. We plated stable cells for immunofluorescence and live 
imaging at confluency density (1:2 split from a confluent culture) for 4 days. To 
transiently co-express UtrCH and E-cadherin we split confluent cells 1:4 to get 90% 
confluency the next day. Then we transfected 1 µg of plasmid DNA per marker by 
Lipofectamine without drug selection. We imaged cells 2–3 days post transfection. The 
transfection efficiency is low, so we can image single transfected cells in a monolayer 
with no background. We only imaged cells with medium fluorescence intensity to ensure 
good signal to noise ratio and avoid artifacts from marker overexpression.  
Plasmids 
We used previously validated shRNAs (Yu-Kemp et al., 2017) against EVL, 5’-GCA GGG 
ATT CAG CCG GAT AAA; CRMP-1, 5’-GAT GGA TGA GCT AGG AAT AAA; Arp3, 5’-
GTA GAT GCC AGA CTG AAA TTA in pLKO.1 puro vector (RNAi Consortium) and 
used a scrambled shRNA as control for knockdown (Addgene #1864, David Sabatini). 
We used pCMV6-XL5-human EVL (GenBank NM_016337.2, Origene #SC111278) and 
pLenti-N-terminal GFP-human CRMP-1 (NM_001313.4) for overexpression (Yu-Kemp et 
al., 2017). Human β-actin was cloned into pLenti-N-terminal GFP vector (Kemp and 
Brieher, 2018). The following plasmids are from Addgene: E-cadherin-GFP (#28009, 
Jennifer Stow) (Miranda et al., 2001); E-cadherin-mCherry (71366, Alpha Yap) (Han et 
al., 2014); GFP-UtrCH (26737), mCherry-UtrCH (26740, William Bement) (Burkel et al., 
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2007); mCherry-Occludin-N-10 (#55112, Michael Davison); LynD3cpV (#37472, Amy 
Palmer and Roger Tsien) (Palmer et al., 2006; Kannan and Tang, 2018). 
Drugs 
We used cytochalasin D (Sigma), ML-7 (Cayman #11801) and (-)-blebbistatin (Cayman 
#13013) with 0.1% (v/v) vehicle DMSO for control.  
Antibodies 
We raised rabbit polyclonal Ab/pAb against human EVL or CRMP-1 full length 
recombinant proteins (Pacific Immunology) which have been validated previously (Yu-
Kemp et al., 2017). E-cadherin rat monoclonal Ab/mAb (DECMA-1, sc-59778, used at 1 
μg ml-1 for immunofluorescence/IMF) and Arp3 goat pAb (sc-10132, 1 μg ml-1 for 
western blot/WB) are from Santa Cruz Biotechnology; p34 rabbit pAb (#07227, 1 μg ml-1 
for IMF/WB) from Millipore; β-actin mouse mAb (66009-1-Ig, 2 μg ml-1 for IMF and 0.04 
μg ml-1 for WB) from Proteintech; AlexaFluor-labeled goat cross-absorbed secondary 
antibodies from Thermo (1 μg ml-1 for IMF). E-cadherin mouse mAb (Barry Gumbiner, 
DSHB #rr1) was produced as supernatant from hybridoma in house (James Kemp) and 
used at the saturation concentration for staining. 
Microscopy 
1) Zeiss LSM 880 scanning confocal microscope with Argon/DPSS/HeNe excitation, an 
Airyscan detector and a 63×, 1.4 NA objective (voxel size is 42.6 × 42.6 × 187 nm3 for 
488 nm); 2) wide field microscope (AxioImager. M1, Zeiss) with Colibri illumination, a 
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CCD camera (ORCA-ER, Hamamatsu) and a 63×, 1.4 NA objective (voxel size is 0.1 × 
0.1 × 0.3 µm3). We used 1 and 2 for immunofluorescence; 1 for all live imaging. 
Immunofluorescence 
We generally followed the protocol of Louise Cramer and Arshad Desai 
(https://mitchison.hms.harvard.edu/files/mitchisonlab/files/fluorescence_procedures_for
_the_actin_and_tubulin_cytoskeleton_in_fixed_cells.pdf). For EVL/CRMP/p34 
localization we fixed cells with methanol at -20 °C for 3 minutes for image clarity. 
Membrane invaginations can be fixed by cold methanol but not 1%, 4% or 8% 
formaldehyde. After fixation, methanol was quickly diluted with Wash Buffer (25 mM Tris 
pH 7.4, 150 mM NaCl) by 2-fold (v/v) to bring methanol concentration down to 50%, 
25% and then completely replaced by Wash Buffer. For all other images we fixed cells 
with 1% EM grade formaldehyde (Electron Microscopy Services #15710) in pre-warmed 
Cytoskeleton Buffer (10 mM MES pH 6.1, 138 mM KCl, 3 mM MgCl2, 2 mM EGTA) for 
15 minutes and then permeabilized and stained cells in 0.1% Triton-X or 0.02% saponin 
in Wash Buffer. 1% formaldehyde gave stronger staining than 4% formaldehyde for E-
cadherin and was hence used. We used TRITC- (American Peptide) or Alexa 647-
phalloidin (Cell Signaling Technology #8940) at 1 μg ml-1. We mounted fixed sample 
slides in Prolong Gold antifade (Thermo). 
Immunofluorescence quantification 
We quantified the average E-cadherin staining intensity along each junction between 
two cell vertices from formaldehyde-fixed cells. We manually drew a line mask in 
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ImageJ along apical junction which is ~0.4 µm wide, correspondent to the half width at 
half maximum of apical junction epifluorescence image.  
Live cell imaging 
Except for myrYFP images which were obtained by Prof. Vivian Tang, we used the 
same LSM 880 Airyscan confocal microscope for immunofluorescence but with heating 
at 37 °C degree and 5% CO2 incubation (Zeiss). Typical voxel size is 42.7×42.7×190 
nm3. For dual labeling we imaged E-cadherin or occludin simultaneously with actin or 
UtrCH with a dual–pass emission filter, at a frame interval of 1 or 2 s for 60 s. We 
selected the most apical focal plane with E-cadherin or occludin signal to image apical 
junctions. Junction unzipping was imaged at 30 s interval for 5 Z slices×20 frames. Z 
stacks should span to cover the apical and basal membranes: MDCK cell sheets 
physiologically contract and fluctuate along Z-axis on the cycle of 5–10 minutes which 
can cause small structures like invaginations to “disappear” while it is only moving out of 
focus. Movie 2.5 was selected from part of the movie not affected by cell fluctuation in 
Z. MyrYFP was imaged at 5 s interval on an Axio Imager Z2 with 1.6× magnification 
tube lens (Zeiss) with an OptiMOS sCMOS camera (QImaging) and an Alpha Plan 
Apochromat 100×, 1.46 NA objective (Zeiss). The pixel size is 28 nm. 
Image segmentation for microspike measurement 
We pre-processed and segmented cell images of single transfected cells in Fiji (NIH). 
We defined apical junctions as the cell-cell boundary between two vertices. In the time 
lapse images taken on LSM 880 (z resolution ~380 nm), only some junctions stayed in 
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focus through 60 s. Thus, we analyzed individual junctions instead of the whole cell and 
each data point represent a junction. Often only a part of junction was in focus and can 
be properly segmented, we only used that part. Such part must be >2 μm to avoid 
underestimating microspike quantity. Because microspike density is <1 μm-1, so we 
have adequate sampling frequency >2. To avoid bias, we only used one part from each 
junction. We performed a walking average of every 2–3 frames and Gaussian 
smoothing (σ = 1 pixel) on movies to reduce noise. We then threshold images with 
global or local intensity thresholding. Small gaps are then morphologically closed with a 
circle element of r = 2 pixel. We overlay the resulting mask with the raw image to 
examine its quality. This mask is usually adequate to preserve the fine microspike 
contour (diameter ~0.21 μm or 5 pixel); otherwise an unsharp mask filter (σ = 15–30 
pixel) is applied to the whole dataset to enhance contrast. Within 1 minute, the cell 
boundary undergoes very small displacement. So, we can register frames with the 
StackReg plugin (Phillippe Thevenaz) to correct for drift and facilitate microspike 
tracking. For presentation purposes, we applied Contrast Limited Adaptive Histogram 
Equalization (CLAHE, Stephen Saalfeld) to enhance contrast in Figures 2.2D, 3F and 
Movies 2.3 and 2.8 (block size of 50–90 pixel). We applied unsharp mask to enhance 
contrast in Figure 2.1 D and E and Movies 2.1 and 2.2.  
Microspike detection 
Mask images were automatically analyzed with modified MATLAB–based CellGeo suite 
to track microspikes (Tsygankov et al., 2014). Briefly, the BisectoGraph program 
transforms the cell shape to a tree graph, which renders the cell boundary with convex 
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and concave points. Each convex point is at the end of a branch of the tree, while a joint 
of branches is the center of a maximum inscribed circle. Such a circle inscribes the cell 
boundary at the base of a protrusion and the circle’s radius thus defines the protrusion’s 
diameter at its base. We then fed the tree graph to the FiloTrack program to detect 
microspikes. A protrusion is defined as a microspike if its length > the critical length Lcr 
and its diameter at the base < the critical radius Rcr. Object tracking further enables the 
identification of the same microspike across different frames. For UtrCH images, 
microspike detection threshold is Lcr ≥ 0.35 μm, Rcr ≤ 0.26 μm, inter–frame displacement 
≤ 0.21 μm, tracking gap ≤ 3 s, lifetime ≥ 3 s. For myrYFP images, microspike detection 
threshold is Lcr ≥ 0.27 μm, Rcr ≤ 0.32 μm, inter–frame displacement ≤ 0.14 μm, tracking 
gap ≤ 5 s, lifetime ≥ 10 s. We measured the frequency, lifetime and length of junctional 
microspikes from movies of the apical junction using the FiloTrack software. The 
frequency is the count normalized to junction length and movie duration. The microspike 
frequency in Figure 2.3E is under-sampled relative to those in Figures 2.1 and 2, due to 
different frame intervals (1 s in Figures 2.1 and 2, 1 minute in Figure 2.3E while 
microspike median lifetime ~6 s). The estimation of microspike lifetime is affected by the 
duration of the movie. We used 1-minute long movies but found that a few microspikes 
persist through the whole movie. 6 s is only of slight under-estimation because 90% 
microspikes persist < 30 s. Elongation and retraction rates were calculated from 
myrYFP movies by a custom MATLAB code. Microspike length was tracked as a 
function of time. Local maxima and minima were identified as the boundary between 
elongation and retraction phases. Length function was parsed between local extrema 
into individual elongation and retraction events (minimum to maximum, elongation; 
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maximum to minimum, retraction). Each event was fitted to a linear function whose 
slope gives the elongation or retraction rate. 
Junction invagination 
Membrane invaginations were imaged in 4-day confluent MDCK cells stably expressing 
E-cadherin-GFP and -mChe. Invaginations were counted manually due to difficulties in 
image segmentation in the presence of cytosolic vesicles. The slices within 1 μm from 
the apical junction are counted together as the apical junction. Invagination numbers are 
normalized to the lateral membrane area to give their density. Lateral membrane area is 
estimated by multiplying cell perimeter at mid z stack and cell height. The depth of 
invaginations is the furthest deviation of the membrane from the tangent of junction 
shape.  
Actin–cadherin correlation 
Fluorescence intensity was traced along 5 μm-long junctions to give a pixel intensity 
profile (m = 117 pixels). The intensity profiles of actin and E-cadherin were cross-
correlated to calculate their Pearson’s correlation coefficient, r = ∑(I1 - µ1)(I2 - µ2)/σ1σ2, 
where I, µ and σ are the intensity profile and its mean and standard deviation, 
respectively. 
Electron microscopy 
MDCK cells grown on Transwell-Clear were processed for EM by Prof. Vivian Tang 
(Tang, 2006; Tang and Brieher, 2012). Briefly, transwells were chilled at 4°C for 6 h 
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before fixation with 3.75% glutaraldehyde, 150 mM NaCl, and 20 mM Hepes, pH 7.5, at 
4°C for 18 h, and then quenched with 50 mM glycine and 150 mM Hepes, pH 7.5, on ice 
for 1 h. Transwells were rinsed in ice-cold distilled water three times, secondary fixed 
with 1% osmium tetroxide/1.5% potassium ferrocyanide for 2 h on ice, rinsed four times 
in ice-cold distilled water, en bloc stained with freshly prepared and filtered 2% uranyl 
acetate in distilled water on ice for 2 h, and rinsed four times in ice-cold distilled water. 
Transwells were dehydrated with sequential 5-min incubations in 50, 75, 95, 100, 100, 
and 100% ethanol at room temperature. Epon-Araldite (EMbed 812) was added to 
transwells and allowed to polymerize at 60°C for 48 h. Ultrathin sections were cut using 
a microtome (UltraCut S; Reichert), layered onto carbon-coated copper grids, and 
stained with freshly made/filtered 2% lead citrate. Images were collected with a 
microscope (1200EX; JOEL, Ltd.) at 60 kV.  
Statistical test 
Mann–Whitney test was used to compare a sample with control as it does not require 
assumption of the normality of data (null hypothesis: the medians are equal), except for 
immunofluorescence or large-sized samples. In immunofluorescence due to the 
difference in absolute intensity values between biological replicates, we normalized the 
intensity in each experiment to its control (scramble or DMSO) and performed paired t-
test (null hypothesis: normalized intensity = 1). For large-sized samples (n > 50, Figure 
2.7 C and H) we used the two-sample Kolmogorov test which is more robust (null 







Microspikes elongate/retract (yellow box) or pivot/fall back into cell body (blue box) at 
the apical junction. A wild type MDCK cell co-expressing F-actin (mChe-UtrCH) and E-
cadherin-GFP markers in the confluent epithelial cell sheet. 
Movie 2.2.  
Membrane protrusions at the apical junction labeled by membrane-targeted YFP 
(LynD3cpV).  
Movie 2.3.  
Apical junction of control (scramble) or cells depleted of EVL, CRMP-1 or the Arp3 
subunit of Arp2/3 complex. Single cells in cell sheets are transfected with GFP-UtrCH 
and mChe-occludin. 
Movie 2.4. 
Z stacks of E-cadherin-GFP– and E-cadherin-mChe–labeled cells mixed to form cell 
sheets. Note the invaginations in EVL-depleted cells. 
Movie 2.5.  
The apical junction unzips between the EVL-depleted cell pair labeled with E-cadherin-




Movie 2.6.  
The cell on the left expresses mChe-UtrCH and the cell on the right expresses E-
cadherin-GFP marker. The E-cadherin channel was shifted to the right by 0.34 µm. An 
elongating microspike from the cell on the left indents the membrane of the cell on the 
right; the membrane tracks the tip of the microspike when it retracts. 
Movie 2.7.  
mChe-UtrCH–labeled microspikes (green) at the junction colocalize with E-cadherin-
GFP (magenta) in the same cell (upper image) but not with the E-cadherin in the 
neighboring cell (lower image). In the upper image the cell co-expresses both markers; 
in the lower image the cell at the top is labeled for E-cadherin and the cell at the bottom 
labeled for UtrCH. 
Movie 2.8.  
Cortical actin-GFP accumulates at where junction unzips but subdues after the junction 
is re-zipped. The gaps in CellMask labeling shows peeling of plasma membranes 






Figure 2.1. Actin assembly drives microspike protrusions towards apical junction. (A–C) 
Thin-section electron micrograph of confluent epithelial cells (sagittal view). Arrows, 
protrusions; brackets, apical junction complex; arrowheads, desmosomes. (A–B) Kidney 
MDCK cells. Box is enlarged in (B) to show the intercellular distance between the tip of 
protrusions and the neighboring cell. (C) Intestinal Caco-2 cells. (Scale bars, 500 nm 
[A], 40 nm [B], and 200 nm [C].) (D–E) Live images of microspikes (arrows) in confluent 
cell sheets sparsely transfected by Ecad-GFP and mChe-Utr. Box is tracked in (E). The 
kymograph shows microspike elongation and retraction. Scale bar 1 μm. (F) Mean ± 
SEM rates of microspike elongation and retraction (n = 433 and 420 events from 470 
microspikes in 5 cells). (G) Membrane-targeted YFP (LynD3cpV). Inset, a membrane 
protrusion. Scale bar 1 μm. (H) Live images of cells treated with 200 nM cytochalasin D 
for 20 min. GFP-Utr and Ocln-mChe. Arrows, microspikes. Mean ± SEM microspike 
frequency is normalized to junction length and frame interval (n = 20 and 21 cells from 




Figure 2.2. EVL, CRMP-1 and Arp2/3 promote microspikes. (A–C) Immunofluorescence 
of EVL, CRMP-1 or the p34 subunit of Arp2/3 complex with junctional markers. 
Methanol fixation. Scale bars 5 μm. (D) Live images of microspikes (arrows and 
asterisks) in cell sheets expressing shRNA against EVL, CRMP-1 or the Arp3 subunit of 
Arp2/3 complex. Scramble/scr, control shRNA. GFP-Utr and Ocln-mChe. Scale bars 1 
μm. (E) Mean ± SEM (n = 22 junctions of 223 μm in total length of scramble, 21 
junctions of 158 μm of EVL RNAi, 17 junctions of 152 μm of CRMP RNAi and 19 
junctions of 254 μm of Arp3 RNAi from two experiments; two-sided Mann–Whitney test). 





Figure 2.3. Microspikes push apical junctions to repair E-cadherin adhesion failure. (A–
B) Live images of mixed culture of cells expressing Ecad-GFP or Ecad-mChe. Arrows, 
deep invaginations. (A) Scale bar 5 μm. Z = 0 is basal plane. Boxed regions of the 
junction between GFP and mChe cells are enlarged (scale bar 1 μm). (B) Scale bar 1 
μm. (C) Invaginations density normalized to lateral membrane area (n cells from two 
experiments; two-sided Mann–Whitney test). (D) Maximum invagination depth in EVL 
RNAi cells (n invaginations from two experiments). (E) The frequency of invaginations 
and microspikes at the apical junction in each cell. Pearson’s r (n cells, two-sided t-test). 
(F) Ecad-GFP and actin (Utr-mChe) markers expressed separately in two cells. An 
elongating microspike (asterisk) from cell #1 indents the membrane of cell #2 (arrows); 
opposing membrane tracks the retracting microspike tip and flattens (arrowheads). E-
cadherin channel shifted by 0.34 µm to the right. Scale bar 1 μm. (G) Ecad-GFP and 
Utr-mChe in one or two cells. Note that cell #2 lacks junctional actin labeling (asterisks) 
despite some vesicular signal (scale bar 5 μm). Boxed regions are tracked in time series 
(scale bar 1 μm). Junctional intensities were normalized to the maximum values in each 
frame. Color-coded arrowheads track different microspikes and arrows track gaps 
between E-cadherin clusters. Positions 1–4, see text. The chart shows Pearson’s r 
between E-cadherin and actin intensity profiles (n = 16 movies of 7 single cells and 13 
movies of 5 cell pairs from two experiments; two-sided one-sample t-test comparing the 




Figure 2.4. Inhibiting myosin II rescues weakened E-cadherin adhesion. (A) 
Immunofluorescence of membrane unzipping (arrowheads) treated with 25 µM ML-7 for 
30 min. Focused at 1.5 µm below apical junction. Insets, contrast was rescaled to reveal 
details. Scale bar 5 μm. (B) n = 120 junctions in each condition; two-sided Mann–
Whitney test. (C) Apical junctional E-cadherin staining intensity treated with 50 µM (-)-
blebbistatin for 1 h (n = 44, 75, 36 and 51 junctions; two-sided Mann–Whitney test). (D) 
Apical junctional E-cadherin staining intensity in wild type cells treated with 50 µM (-)-
blebbistatin for 1 h normalized to DMSO (n = 4 experiments, each shown with the mean 
of ≥30 junctions; two-sided paired t-test). Formaldehyde fix. Scale bar 5 μm. (E) Live 
images of microspikes (arrows) at the apical junction in wild type cells treated with 10 
µM ML-7 for 22 h (n = 11 junctions of 109 μm in total length for DMSO and 20 junctions 
of 281 μm for ML-7; two-sided Mann–Whitney test). mChe-Utr. Scale bar 1 μm. All 
charts show mean ± SEM.  
 
 
Figure 2.5. A cell-cell adhesion repair model by actin protrusions. Both (i) spontaneous 
cadherin adhesive unbinding and (ii) myosin-mediated contractility can cause an 
adhesion failure. Actin microspikes are triggered by signals mediated by either (iii) 
unbound cadherins or (iv) unknown factors (question mark). Microspikes push cadherin 




Figure 2.6. Dynamic microspike protrusions at the apical junction. (A) Thin section 
electron microscopy of protrusions near apical junctional complex protruding into 
intercellular gaps in MDCK and Caco-2 cells. Arrows, protrusions; brackets, apical  
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Figure 2.6 (cont.) junction; arrowheads, desmosomes. Scale bars 200 nm. (B) Live 
images of microspikes (arrows) in cells stably expressing mChe-UtrCH. Scale bar 1 μm. 
shEVL, EVL RNAi. Boxes are tracked in time series. Data of cells transiently expressing 
UtrCH are from Figure 2.2 and 7. Microspike frequency (mean ± SEM, n = 5 junctions of 
55 μm in total length of 5 ctr stable cells, 7 junctions of 83 μm of 5 shEVL stable cells, 
22 junctions of 223 μm of 22 ctr transient cells, 21 junctions of 158 μm of 16 shEVL 
transient cells; two-sided Mann–Whitney test). Microspike length (number of 
microspikes shown on plot; mean ± SEM, two-sided Mann–Whitney test). Median ± 
SEM microspike lifetime (s) is 7 ± 2 in ctr stable and 6 ± 1 in ctr transient (n same as in 
the length plot; P = 0.2 calculated by two-sample Kolmogorov test on cumulative 
frequency); 25 ± 3 in shEVL stable and 7 ± 2 in shEVL transient (P = 1*10-9). (C–D) Live 
images of microspikes (arrows) in cells transiently expressing mChe-UtrCH. Scale bar 1 
μm. (C) A microspike falls back into junctional actin belt. (D) Examples of microspikes 
tracked and not tracked by E-cadherin during elongation and retraction. At arrows, 
microspikes reached the maximum length before retraction. (E) Live images of 
membrane protrusions (arrows). Scale bar 1 μm. (F) Image processing workflow. UtrCH 
image is segmented by thresholding. Cell shape is deduced to a tree graph with 
microspikes detected as branches meeting the detection standard (red branches). The 
detection standard includes base diameter and length to exclude branches too short or 






Figure 2.7. EVL, CRMP-1 and Arp2/3 promote microspikes. (A) Whole cell lysate 
western blot of RNAi knockdown (KD). Scr, scramble. After blotting for Arp3, the 
membrane was stripped and reprobed for actin and the p34 subunit of Arp2/3. Numbers 
show normalized band density. (B–D) Measured from the same GFP-UtrCH labeled 
microspikes in Figure 2.2 D and E (n = 91 microspikes in 22 scramble cells, 74 
microspikes in 16 EVL RNAi cells, 47 microspikes in 12 CRMP-1 RNAi cells and 103 
microspikes in 12 Arp3 RNAi cells pooled from two experiments). (C) Median ± SEM  
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Figure 2.7 (cont.) microspike lifetime (s) is 6 ± 1 in scramble, 7 ± 2 in EVL RNAi (P = 
0.02, compared to scramble calculated by two-sample Kolmogorov test of cumulative 
frequency) and 6 ± 2 in CRMP-1 RNAi (P = 0.06). (D) Junctional UtrCH intensity (n = 
22, 16, 12 and 12 cells from two experiments, two-sided Mann–Whitney test). (E) Live 
images of actin-mChe in control or cells overexpressing EVL and GFP-CRMP-1. (F–H) 
Data measured from (E) (n = 14 microspikes in 12 junctions of 135 μm in total length in 
12 control cells, 50 microspikes in 13 junctions of 179 μm in 7 EVL O/E cells and 54 
microspikes in 13 junctions of 150 μm in 12 CRMP-1 O/E cells). (H) Median ± SEM 
microspike lifetime (s) is 5 ± 2 in control, 9 ± 2 in EVL O/E (P = 9*10-4, compared to 
control calculated by two-sample Kolmogorov test of cumulative frequency) and 6 ± 2 in 
CRMP-1 O/E (P = 2*10-7 compared to control). (I) Western blot of endogenous and 
exogenous CRMP-1 in overexpression cells. (J) Immunofluorescence of a cell in the 
epithelial sheet transfected with exogenous EVL. Inset, EVL on microspikes. (K) Live 
images of mChe-UtrCH in control or cells overexpressing EVL (n = 9 junctions of 89 μm 
in total length in control and 30 junctions of 427 μm in O/E). All bar charts are mean ± 
SEM. *P < 0.05, two-sided Mann–Whitney test. Arrows and asterisks, microspikes. 







Figure 2.8. EVL depletion causes junction unzipping. (A–B) Live images of cells 
expressing E-cadherin-GFP were mixed with cells expressing E-cadherin-mChe. 
Membranes detached to form deep invaginations (arrows) in EVL RNAi cells. Z = 0 μm 
is basal plane. Scale bar 5 μm. (A) Yellow boxes are shown in Figure 2.3A. (B) Yellow 
box is shown as time series in Figure 2.3B, focused at apical junction. Cyan box is  
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Figure 2.8 (cont.) shown as time series on the right, focused 1 μm below apical junction 
(scale bar 1 μm). (C) Invagination density normalized to lateral membrane area within 
each 0.94 μm-thick Z section at different cell height. Each line represents one junction 
(n = 22 and 24).  
 
 
Figure 2.9. Actin protrusions repair E-cadherin adhesion failure. (A) Three examples of 
E-cadherin-GFP and actin (mChe-UtrCH) markers expressed separately in two cells. 
Elongating microspikes (asterisk) from left cell indent the membrane of right cell 
(arrows); opposing membrane tracks the retracting microspike tip (arrowheads). Rarely,  
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Figure 2.9 (cont.) microspikes do no indent the opposing membrane (#). E-cadherin 
channel shifted by 0.34 µm to the right. Note the anti-correlation between actin and E-
cadherin intensities (arrows). Scale bar 1 μm. (B) Cortical actin assembles when 
adhesion fails. Plasma membrane probe CellMask was added immediately before 
imaging. An actin-GFP expressing cell formed junction with an unlabeled neighbor while 
the plasma membrane of both cells was labeled with CellMask. Kymograph shows 
CellMask intensity along the dashed line. An unzipping event appears as widening of a 
gap in the kymograph and a re-zipping events appears as narrowing of another gap. 
Note that actin accumulates around the unzipping site (cyan arrowhead, 40–80 s) and 
subdues after the defect is re-zipped (yellow arrowhead, 0–20 s). White scale bars, 1 




Figure 2.10. Myosin II contractility causes junction unzipping and E-cadherin loss. (A) 
Live images of E-cadherin-mChe expressing cell sheets were treated with 50 µM (-)- 
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Figure 2.10 (cont.) blebbistatin for 30 minutes. Focused at 1 µm below apical junction. 
Arrowheads, junction unzipping. Scale bar 5 µm. Insets (scale bar 1 µm). (B) Apical 
junctional E-cadherin immunofluorescence normalized to scramble (n = 3 experiments 
with each experiment shown by the mean of ≥30 junctions; two-sided paired t-test). 
Scale bar 5 µm. (C) Apical junctional E-cadherin staining intensity after treated with 50 
µM (-)-blebbistatin for 1 h. Note that though formaldehyde preserves apical junction 
morphology, it fails to preserve membrane invaginations which can be fixed by 
methanol (Figure 2.4A). Scale bar 5 µm. (D) Microspike at the apical junction in wild 
type cells treated with 10 µM ML-7 for 1 h (n = 16 junctions of 160 μm in total length for 
DMSO and 11 junctions of 109 μm for ML-7 from two experiments; two-sided Mann–





CHAPTER 3: TESTING THE CLUSTERING MODEL 
 
Interdigitated dynamic actin protrusions maintain stable cadherin adhesion2 
Abstract 
Cadherins harness the actin cytoskeleton to build cohesive sheets of cells using 
paradoxically weak bonds, but the molecular mechanisms are poorly understood. One 
popular model is for actin to organize cadherins into large, micron-sized clusters known 
as puncta. Myosin is thought to pull on these puncta to generate strong adhesion. Here, 
however, we show that cadherin puncta are actually interdigitated actin microspikes 
generated by actin polymerization. The convoluted membranes in these regions give 
the impression of cadherin clustering by fluorescence microscopy, but the ratio of 
cadherin to membrane is 1. Nevertheless, these interlocking fingers of membrane are 
important for adhesion because perturbing their formation disrupts cell adhesion. In 
contrast, blocking myosin dependent contractility does not disrupt either the 
interdigitated microspikes or lateral membrane adhesion. “Puncta” are zones of strong 
cell-cell adhesion not because of cadherin clustering but because the interdigitated 
microspikes expand the surface area available for adhesive bond formation and 
increase the asperity of the cell surface to promote mechanical adhesion. 
  
 
2 This chapter is published in (Li et al., 2020b). Dr. Vivian Tang contributed the electron 
micrograph in Figure 3.3; Dr. William Brieher co-wrote the text. © Li, Tang and Brieher; 





Cadherin mediated adhesion requires continuous polymerization of actin cytoskeleton at 
the adhesion sites, but the reason for this remains a major question in cell biology 
(Yamada et al., 2005). The consensus opinion is that the actin cytoskeleton strengthens 
adhesion by gathering cadherins into clusters (Yap et al., 1997; Sako et al., 1998; 
Harrison et al., 2011; Quang et al., 2013; Engl et al., 2014; Wu et al., 2015) and pulling 
on them (Yonemura et al., 2010; le Duc et al., 2010; Buckley et al., 2014; Wu et al., 
2014; Kannan and Tang, 2015; Leerberg et al., 2014); but this contractility model does 
not account for why adhesion depends on fast polymerization dynamics. Recent results 
have shown an important role for actin polymerization factors Arp2/3, Ena/VASP 
proteins, and CRMP-1 in assembling actin at cell-cell junctions in epithelia and 
endothelia (Efimova and Svitkina, 2018; Leerberg et al., 2014; Li et al., 2020a; Tang 
and Brieher, 2012; Verma et al., 2004; Yu-Kemp et al., 2017). These factors make 
protrusive actin structures like lamellipodia (Yu-Kemp et al., 2017). There is then a 
mismatch in the contractility model between how the junctional actin is made and what it 
is for (Leerberg et al., 2014). An alternative model might better explain the relation 
between actin’s dynamics and function: actin polymerization dependent pushing forces 
convert weak cadherin bonds into strong adhesion by keeping cadherins from 2 cells 
close (Vasioukhin et al., 2000). Here we test in kidney epithelial cells (MDCK) whether 
this mechanism can explain the prominent cadherin clusters (often referred to as 
puncta) that serve as sites for strong cell-cell adhesion (Cavey et al., 2008; Cherian et 




E-cadherin puncta appear as “beads on a string” on the lateral plasma 
membranes between 2 cells in established cell sheets (Figure 3.1, B to D) (Drenckhahn 
and Franz, 1986; Kannan and Tang, 2018). Lateral membranes refer to the sides of 
polarized epithelial cells below the apical junctional complex (AJC) and above the basal 
plane (Figure 3.1A). The lateral domain makes up the vast majority of cell-cell contact 
area while the AJC is only a narrow strip. The cadherin puncta have membranes twice 
thicker than the flat regions (Figure 3.1E and Figure 3.5) suggesting membrane 
enrichment within puncta. 
The widely accepted clustering model to explain the cadherin puncta does not 
require the enrichment of membranes. Yet, membrane-deforming processes do 
(Carbone et al., 2017; Servant et al., 1999). Thus, membrane enrichment in the 
cadherin puncta can distinguish whether the puncta are due to molecular clustering or 
membrane deformation (Figure 3.1H). 2-color imaging shows that a plasma membrane-
targeted green fluorescent protein (GFP) as well as a lipophilic dye co-accumulates with 
E-cadherin in the puncta (Figure 3.1, C and D, and Figure 3.5). These lipophilic markers 
do not bind to cadherins or form membrane microdomains (Figure 3.5); yet they appear 
as mesoscale puncta like cadherins, which can only be explained by convolution of the 
membrane itself. 
The close-to-1 cadherin:membrane ratio throughout the lateral membrane clearly 
favors the alternative model that cadherin puncta are actually convoluted membranes 
(Figure 3.1, C and D). At apical junctions, the cadherin:membrane ratio fluctuates more; 
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this ratio is around 1 at where cadherins appear on the finger-like microspikes but as 
much as 3-fold lower at the voids between cadherin puncta (Figure 3.1B). Apical 
junction cadherin puncta are known to be actin protrusions (Li et al., 2020a) while the 
voids are transient junctional defects that await to be repaired with cadherins delivered 
by microspike protrusions (Tang and Brieher, 2012; Li et al., 2020a). The voids are not 
due to depletion by clustering in the nearby puncta because cadherin clustering 
depends on homophilic bonds (Yap et al., 1997; Harrison et al., 2011), yet apical 
junction puncta are insensitive to low calcium treatment that breaks those bonds (Figure 
3.6). Thus, even at apical junctions, cadherin puncta still do not fit the clustering model 
because cadherins fail to concentrate more than the membrane. Lateral membranes 
show no obvious defects between cadherins, suggesting lateral junctions may be 
maintained differently from the repair mechanism at apical junctions. 
Another prediction of the clustering model is that clustering makes cadherins 
more stable and less mobile (Cavey et al., 2008). We used fluorescence recovery after 
photobleaching (FRAP) to compare the mobility of cadherins in the puncta versus on 
the flat membrane. The fractions of mobile cadherins are not different between the 2 
structures (Figure 3.1F, Figure 3.7, and Movie 3.1).Thus, mechanistically independent 
of the nanoscale cadherin oligomerization (Iino et al., 2001; Strale et al., 2015), the 
mesoscale cadherin puncta are not supramolecular clusters as long thought to be 
(Figure 3.1H). 
To show that these puncta are a part of the plasma membrane rather than 
docked vesicles, we checked if lipids diffuse through puncta. First, photobleached 
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lipophilic markers diffuse out of a punctum (labeled #3 in Figure 3.1G and Movie 3.2) 
causing adjacent puncta to dim, which rules out the possibility of vesicles. Further, 
diffusion within the membrane should follow Fick’s law where it takes more time to travel 
a larger piece of membrane. We use this travel time to qualitatively compare the amount 
of membranes in different structures. For puncta #2 and #4: travel time from the source 
(#3) is indeed longer to get to #4 which is further away than #2. However, for puncta #1 
and #4 that are at the same distance from the source, diffusion takes longer to get to 
#1. The simplest explanation would be the presence of a large membrane reservoir at 
punctum #2, which must be traversed to get to #1. Thus, these puncta are highly 
convoluted, yet non-compartmentalized, plasma membranes. 
If not by large scale clustering, how do lateral cadherin puncta become strong 
adhesion sites? Most puncta are blunt and bead-like but can have pointed tips 
resembling filopodia and microvilli (Figure 3.1C). Actin cytoskeleton is a common cause 
of membrane deformation (Li et al., 2020a). Simultaneous imaging of membrane and 
actin shows all puncta, whether they are blunt or pointed, strongly overlap with actin 
(Figure 3.2, A and B, and Figure 3.8). Importantly, time lapse imaging shows that while 
blunt puncta are stable over the 0.5-h imaging duration (Figure 3.2C, Figures 3.8 and 
3.9, and Movies 3.3 and 3.4), dynamic microspikes frequently extend from and retract 
into the blunt puncta (Figure 3.2, C and D, and Movies 3.5). To test if the microspikes 
are driven by actin polymerization, we inhibited polymerization with cytochalasin or 
latrunculin (Li et al., 2020a). Surprisingly, these drugs not only suppress the microspikes 
but also remove the blunt puncta (Figure 3.2E and Figure 3.10). Cadherin puncta are 
thought to be associated with a stable actin population (Cavey et al., 2008), yet we 
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found them to depend on a dynamic actin population that is replenished by continuous 
polymerization. 
The microspikes in Figure 3.2C extend towards both sides of the junction, so they 
might be actin polymerization dependent protrusions or the products of inwardly 
directed pulling forces. We can distinguish between these two possibilities by labeling 
the cells on only one side of the junction (Li et al., 2020a). If these structures are due to 
pushing forces, then the label should only show outwardly directed movement. In 
contrast, if the structures are due to pulling forces, then we should only see inwardly 
directed movements. When we coexpressed the membrane and actin markers in cell 1 
and left the neighboring cell 2 unlabeled, all the actin microspikes are outside of cell 1’s 
cell body which is marked by the membrane, not inside of it (Figure 3.2F, XY and YZ 
sections and Figures. 3.8 and 3.11). Thus, the microspikes are driven by outward 
protrusive forces of cell 1, not by inward pulling forces. To test if protrusions reach 
another cell, we mixed cells expressing either of the 2 markers. The vertical section 
shows that the 2 cells’ lateral membranes are closely touching and their microspikes 
burrow deep into each other (Figures 3.2G and 3.12). The 2 cells’ microspike 
protrusions are side by side like interdigitated fingers, thus creating more contact area 
to form cadherin adhesions. 
We wished to understand how microspikes from 2 cells appear in clusters despite 
their average density across the whole membrane is rather low (Figure 3.10). Z sections 
of green/magenta cell pairs show patches of interdigitated microspikes throughout 
lateral junctions (Figure 3.3A). Microspikes are less interdigitated at apical junctions 
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whose “default” state is a continuous belt, so 1 microspike is sufficient for the repair 
function (Figures 3.2F and 3A). In agreement with light microscopy, electron microscopy 
shows that 95% of membrane protrusions (N = 39) engage in a “handshake” 
configuration (Figure 3.3E). Looking at the imaging angle (Figure 3.3E, dashed line), 
one may see as many as 6 layers of membranes around 2 microspikes, which explains 
the enriched membranes in the puncta shown by light microscopy. Lastly, time lapse 
imaging of green/magenta cell pairs show that juxtaposed microspikes from 2 cells 
remain antiparallel to each other, no matter in what directions they are protruding or 
retracting (Figure 3.3D, arrows, and Movie 3.5). This sustained “handshake” between 
microspikes means that they are possibly engaged by cadherin homophilic bonds on 
their tips and shafts (Figure 3.3A). In support of this explanation, microspikes disengage 
when treated with a low calcium medium to break homophilic bonds, even though cells 
are making similar amount of microspikes (Figure 3.3B, 3.6, and 3.12). Only 26% of the 
lateral microspikes in low calcium versus the majority of those under normal conditions 
(72%) are engaged with another microspike from the neighboring cell (Figure 3.3C). On 
lateral membranes microspikes build cadherin adhesion by becoming interdigitated. 
The most important implication of microspike interdigitation, however, is perhaps it 
explains how the dynamic actin cytoskeleton can maintain the stable cadherin puncta. 
Breaking down the contributions from 2 neighboring cells shows that all the blunt puncta 
(Figure 3.3D, binary images) are patches of pointed microspikes (Figure 3.3D, colored 
images). Puncta look unchanged despite individual microspikes within them appear and 
disappear all the time; when individual protruding microspikes exceed the length of 
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nearby microspikes, they stick out of the puncta (Figures 3.2C and 3D). What we see as 
cadherin puncta by homogenous labeling are, alas, an optical illusion (Figure 3.1). 
Actin polymerization inside cells is greatly accelerated by and regulated through 
various factors. Immunostaining shows the actin polymerization factors Arp2/3, EVL, 
and CRMP-1 localized in the lateral cortex (Figures 3.13 and 3.14). RNA interference 
and drugs against Arp2/3, EVL or CRMP-1 all decreased the density of microspikes on 
lateral membranes (Figure 3.4, A and B, and Figure 3.15).  
The consequence of losing microspikes is the severe detachment of 2 cells’ lateral 
membranes (Figure 3.4, C to E, Figures 3.16 and 3.17, and Movies 3.6─3.8). Up to 
17% of the total lateral membrane area in the knockdown cells is herniated versus 2% 
of that in control (see Methods), which can cause spontaneous tissue tearing (Yu-Kemp 
et al., 2017). We further showed that membrane detachment is caused by, not just 
correlated with, decreased microspike density. The evidence are the movies of 
membrane puncta inflating into hernias (Figure 3.4F, Figure 3.17, and Movie 3.9). 
Because puncta are microspikes, herniation happens when the remaining microspikes 
in the knockdown cells disengage with one another. Conversely, disengaged 
microspikes in wild type cells can reengage by “search and capture” to keep the 
membranes attached (Figure 3.18 and Movie 3.10). Additionally, disrupting the 
engagement between microspikes with low calcium media induces membrane 
detachment (Figure 3.4, G and H, and Figure 3.6). Thus, interdigitated microspikes 
maintain the cadherin puncta as sites of strong cell-cell adhesion.  
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Exertion of myosin dependent pulling forces on cadherin clusters is considered a 
common strategy for strengthening adhesion. Yet, puncta are not clusters of cadherins 
but clusters of actin microspikes. Nevertheless, we tested whether myosin II is required 
for lateral junctions. Inhibiting myosin II with blebbistatin does not cause cell detachment 
in wild type; it further removes hernias (Figure 3.4, I and J, and Figure 3.19). This is 
because myosin II activity negatively regulates microspikes, shown by the increased 
microspikes with blebbistatin treatment (Figure 3.4, K and L). Thus, myosin II 
contractility plays no role, or a negative role, to maintain lateral junctions.  
 
Discussion 
Engaged microspikes are long known to the electron microscopists as “cellular 
interdigitations” (Drenckhahn and Franz, 1986; Pavelka and Roth, 2015). Our study 
shows this structure is dynamic and its function is to maintain strong cadherin adhesion. 
Interdigitations could keep the vast lateral membranes attached in the absence of an 
actin belt running parallel to the adhesive interface or the myosin II activity; instead, 
continuous actin polymerization presses the membranes together (Figure 3.20). 
Contrary to the beliefs that punctate adhesion is either a transitional state in immature 
tissues leading to the linear junction or a special adhesion restricted to certain cell types 
(Vasioukhin et al., 2000; Adams et al., 1998; Franke et al., 2009), we show it to be the 
major form of lateral junction in the established epithelia. Our results also demonstrate 
that actin protrusions are the primary contribution of actin to cell-cell adhesion, whereas 
myosin dependent pulling forces and large scale clustering are dispensable (Li et al., 
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2020a; Sahai and Marshall, 2002; Vaezi et al., 2002). Thus, actin polymerization 
dependent protrusions not only repair broken apical junctions (Li et al., 2020a) but also 
serve as the primary mechanism for keeping lateral membranes below the apical 
junctional complex in contact. Our results implicate actin polymerization dependent 
protrusive activity as the molecular basis for two new mechanisms of cell-cell adhesion. 
The most obvious way is by increasing the surface area available for more adhesive 
bonds. Scattered individual microspikes can also increase surface area but we saw 
specific clustering of microspikes; non-clustered microspikes are less efficient 
maintaining lateral membrane cohesion (Fig. 3.3). We propose that the concept of 
mechanical adhesion, in which two surfaces adhere to one another through interlocking 
topological features (Kendall, 1994), might apply to cells (Fig. 3.21). Mechanical 
adhesion is common in engineering with hard materials. A mortise and tenon joint is a 
classic example. Mechanical adhesion has not been discussed as a potential 
contributor to cell-cell adhesion at cellular length scales with soft materials. 
Nevertheless, highly interdigitated microspikes might provide another mechanism of 
cell-cell adhesion beyond homophilic binding and nanoscale cadherin clustering.    
 
Methods 
Cell line, maintenance, and transfection  
MDCK II cells are used; maintenance, plating, and transfection see Chapter 2, Methods. 
All knockdown cells are stable cell lines and validated by western blot (Figure 3.15). 
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Experiments involving UtrCH were transient expression; for other markers stable cell 
lines were used.  
Plasmids 
The following plasmids are from Addgene: CIBN-CAAX-GFP (26867, Chandra Tucker) 
(Kennedy et al., 2010; Latorre et al., 2018). See also Chapter 2, Methods. 
Drugs 
We used cytochalasin D and CK-666 (#SML0006) from Sigma; latrunculin A 
(#10010630), (–)-blebbistatin (#13013), ML-7 (#11801), and Y-27632 (#10005583) from 
Cayman with 0.1% (v/v) vehicle DMSO for control. The effects of drugs are validated in 
Figures 3.10, 3.13, 3.14, and 3.19. 
Antibodies 
ZO-1 rat mAb (Dan Goodenough, DSHB #R26.4C) was produced as supernatant from 
hybridoma in house. See also Chapter 2, Methods. 
Microscopy 
1) Zeiss LSM 880 scanning confocal microscope; 2) wide field microscope (AxioImager. 
M1, Zeiss); 3) V3 OMX microscope (Applied Precision) with 488/561 nm laser 
excitation, a 100×, 1.4 NA objective and 2 EMCCDs (voxel size is 80 × 80 × 200 nm3). 
We used 1 and 2 for immunofluorescence; 1 for all live imaging except for Figure 3.9 




Membrane hernias and p34 antibody staining require methanol fixation (methanol at -
20 °C for 3 minutes). Phalloidin and E-cadherin staining for drug experiments are done 
by fixation-then-permeabilization unless noted otherwise: we fixed cells with 1% or 4% 
EM grade formaldehyde (Electron Microscopy Services #15710, 16%) in the pre-
warmed Cytoskeleton Buffer (10 mM MES pH 6.1, 138 mM KCl, 3 mM MgCl2, 2 mM 
EGTA) for 15 minutes and then permeabilized in 0.02% saponin (m/v) in the Tris Buffer. 
We used 4% formaldehyde for phalloidin only staining; 1% give stronger staining than 
4% for E-cadherin and ZO-1 and was hence used for co-staining these markers. For 
simultaneous fixation/permeabilization we fixed in 1% formaldehyde in pre-warmed 
Cytoskeleton Buffer with 0.02% saponin and 1 µg ml-1 dark phalloidin for 5 minutes 
(Symons and Mitchison, 1991). Staining and wash are routinely done in Tris Buffer with 
0.02% saponin. See also Chapter 2, Methods. 
Immunofluorescence quantification 
To quantify apical junction (AJ) versus lateral junction (LJ) staining, we used ZO-1 to 
generate a web-like mask of AJ. The inverse of this mask is each cell’s interior and 
used as the mask for LJ which often tilt towards cell interior in wild field microscopy. We 
enlarged the cell interior by 0.9 µm and took the created rim as the AJ region of each 
cell. (Figure 3.6) We measured the mean intensity of each cell at AJ from the maximum 
projection of 2 z slices at the AJ level, and the mean intensity of each cell at the LJ from 
the maximum projection of the whole z stack.  
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Live cell imaging 
We used the LSM 880 microscope with heating at 37 °C degree and 5% CO2 
incubation. For 2-color simultaneous imaging, we used a dual-pass emission filter. We 
made sure there is no green/red bleed-through; otherwise sequential acquisition with 
single-pass filter is used. We used the automatic setting for 3D Airyscan processing. To 
reconstruct the en face view of puncta on the lateral membranes (vertical sections), we 
deconvolved the z stacks with the Meinel method (Zen Blue 3.0, Zeiss). For long term 
imaging, we took care to avoid photo damage: 30 s interval for 5 Z slices/20–60 frames. 
Z stacks should span to cover the apical and basal membranes: MDCK cell sheets 
physiologically contract and fluctuate along Z-axis on the cycle of 5–10 minutes which 
can cause small structures like puncta to “disappear” while it is only moving out of 
focus. The images shown are taken from the frames free from such cell height 
fluctuation. 
For Figure 3.8, we used the OMX microscope with heating at 37 °C degree and 
5% CO2 incubation. The 2 colors are acquired simultaneously. At 1-minute intervals, we 
took 3 z slices 200 nm apart for deconvolution but only used the middle slice for 
analysis. We deconvolved images with SoftWoRx software (Applied Precision) using the 
Additive method with automatic iteration settings. 
Membrane density plots  
We labeled the lipids with the CAAX motif of Ras fused to GFP (farnesylated) by 
transfection or the CellMask Orange plasma membrane dye (Thermo) by adding to the 
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cells immediately before imaging. Previously, myristoylated (Li et al., 2020a) and 
palmitoylated (Gao et al., 2018) GFP probes also showed mesoscale puncta. We drew 
intensity linescan (line width set to 0.5–0.8 µm cover the thickness of 
puncta/protrusions) along the membrane to show the line density of the membrane. We 
normalized linescan by setting [blank background intensity, linescan maximum pixel 
value] to [0, 1]. The pixel-wise ratio of cadherin:membrane or actin: membrane is 
calculated by ratio = (I1/I2)/(µ1/µ2), which is dividing their density (I) pixel by pixel and 
normalizing to the ratio of the mean of each linescan (µ). By that we set the mean of the 
ratio to ~1 while preserving large deviations like the voids at apical junction. 
Membrane thickness  
We measured the membrane thickness at the border between marker expressing and 
non- expressing cells because the cytoplasmic intensity is not always zero and cannot 
be used as the background value (Clark et al., 2013). The labeled cell is the right part of 
the curve thus explaining the higher background. We drew by hand 3-pixel wide lines 
orthogonally to the membrane at the flat and the center of punctum regions in ImageJ 
and place the midpoint on the membrane midline. We normalized the intensity linescan 
curve by setting [the mean of the left most 10 pixels, maximum] to [0, 1] and registered 
its maximum to position = 0. The maximum search is limited within 10 pixel on either 
side of the linescan midpoint. We then search for the half maximum of the left half of the 
curve and fitted its 2 closest data point to a straight line; the intersection of this line with 
the actual curve gives an approximately half width at half maximum. The plotted 
membrane thickness is twice of the half width. 
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Fluorescence recovery after photobleaching 
We did FRAP of CAAX-GFP in control cells. We did FRAP of E-cadherin in EVL RNAi 
cells to be able to find hernias. We bleached a circle of 1 µm in radius to visually dark 
which is 10% and 25% of the initial intensity with 405 nm and 488 nm laser for CAAX-
GFP and E-cadherin-mChe, respectively. The frame interval is 0.166 s for CAAX and 
0.4 s for E-cadherin. The intensity curve is not normalized to background for CAAX 
because we wanted to show the difference between each region of interest (ROI) and 
the background due to receiving dark molecules from the bleached region; each ROI is 
normalized to its own initial intensity. We normalized the intensity of E-cadherin in the 
ROI to the background (the entire image minus the twice enlarged ROI) to correct for 
background bleaching; we then fitted the recovery curve to a single exponential process 
of time (t) in Origin (Fritzsche and Charras, 2015), Intensity = A(1 - exp(-(t-to)/τ)). Half 
time = 0.7τ; mobile fraction = A. We designed a way to compare the membrane quantity 
in the ROIs given the unequal expression level of the marker across cells: we 
normalized the sum intensity of the circular ROI to another circle of unbleached, flat 
membrane region as the latter is proportional to the expression level. This allows 
comparison of membrane quantity in puncta of different apparent brightness (Figure 
3.7B). We used hernias as a true free surface for comparison. 
Low calcium treatment 
Low calcium media (90 µM Ca2+) is made by adding FBS (1.8 mM Ca2+) to 5% final 
concentration in calcium-free MEM (Sigma #M4767). This concentration severely 
disrupts trans interactions between cadherins on 2 cells (Pokutta et al., 1994; Pertz et 
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al., 1999; Klingelhöfer et al., 2002; Hong et al., 2011) without affecting the intracellular 
calcium concentration (Gonzalez-Mariscal et al., 1990). In addition to immunostaining, 
its effect was confirmed by a tight junction permeability assay. 6-d confluent cell sheets 
on coverslips pre-treated with normal or low calcium media for 1 d were incubated with 
an anti-E-cadherin antibody (rr1) in the respective media for 1 h. After the media was 
aspirated, cells were fixed by 1% formaldehyde in the Cytoskeleton Buffer for 15 
minutes and quenched in the Tris Buffer. Importantly, cells were not permeabilized with 
detergent but incubated directly with Alexa 647 conjugated secondary antibody against 
mouse IgG for 1 h (avoid green dyes because of the tissue autofluorescence). 
Coverslips were then mounted in the Tris Buffer and imaged immediately for the 647 nm 
(signal) and phase channels (tissue integrity). Cells sheets in the normal media without 
rr1 antibody were used as a negative control and its staining intensity (background) is 
set to zero (Figure 3.12D). 
Microspike engagement quantification 
Lateral microspikes often appear in more than 1 z slice due to limited axial resolution, 
which leads to overcounting and thus prevents automatic microspike detection used for 
apical junction (Li et al., 2020a). We manually detected microspikes after blinding the 
images’ filenames. Microspikes extending from the cortex by > 0.5 µm are counted. We 
assigned the center of each microspike as its position in ImageJ; then the distance 
between each green/magenta pair of microspikes was calculated by a Macro and 
filtered by a threshold. This threshold is set to 0.5 µm (twice of the radius of microspikes 
at the base, ~0.25 µm) meaning only microspikes within 0.5 µm of one another are 
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considered “clustered”. We then calculated the ratio between engaged to all 
microspikes. 
Microspike density quantification 
For the reasons mentioned in “clustering quantification”, we manually counted 
microspikes after blinding the images’ filenames. The key is to only count cells with 
medium UtrCH expression level to avoid artifacts. The expression level of membrane 
markers does not affect microspike density, but dim images can lead to undercounting. 
We assigned each microspike its position in ImageJ; then their z positions were 
recorded by a Macro and assigned as apical or lateral based on the position of the 
apical junction. The slices 1 μm below the apical junction are counted as lateral. We 
then calculate the area of lateral membranes which are often tilted and thus deviate 
from the cylindrical approximation (cell perimeter × height) by ~40%. Instead, we 
manually drew segmented lines on the membrane contour at the z positions where 
tilting starts or turns. Then the lateral area between 2 z slices was calculated by a 
trapezoidal approximation: area = mean length of 2 segmented lines × √(height 
difference2 + distance between centers of mass of 2 line2). The total area is the sum of 
these trapezoids. But very tilted, close-to-flat lateral membranes should be avoided 
because microspikes do not stick out in these regions, leading to undercounting. For 
this reason, we also did not count microspikes on the basal cryptic lamellipodia. Finally, 





For the same reason as for microspikes, we manually counted hernias after blinding the 
images’ filenames. Hernias are counted from z stacks, not vertical sections. Membrane 
distention with visible hollow cavity is counted as hernias. We normalized the number of 
hernias by the membrane area to give the density. To estimate the fraction of lateral 
membrane covered by hernias by hernia density, we simplified hernias as half domes 
and thus Fraction = 2πr2 Density, where r is the hernia depth (~1 µm).  
Electron microscopy 
EM is done by Prof. Vivian Tang. The protrusions are counted as clustered only if they 
are immediately juxtaposed. See also Chapter 2, Methods. 
Statistical test 
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Movie 3.1. 
Fluorescence recovery after photobleaching of E-cadherin-mCherry in a flat region (left) 
and a punctum (right). Frame interval, 0.4 s. 
Movie 3.2.  
Fluorescence recovery after photobleaching of CAAX-GFP in a punctum. Frame 
interval, 0.166 s. 
Movie 3.3.  
Membrane puncta and protrusions labeled by CAAX-GFP. Frame interval is 30 s, 
shown as min:sec. 
Movie 3.4.  
The apical junction and a tilted part of lateral membrane in a cell co-expressing E-
cadherin-GFP (green) and mCherry-UtrCH (magenta). Neighboring cells are dark. 
Frame interval is 60 s, shown as min:sec. 
Movie 3.5.  
The left and right cell expresses E-cadherin-GFP (green) and mCherry-UtrCH 






3-dimensional reconstruction of lateral membranes labeled by CAAX-GFP. Control 
MDCK cell sheet viewed from apical side. Frame interval, 30 s. Compare with Movies 
3.7 and 3.8. 
Movie 3.7. 
3-dimensional reconstruction of lateral membranes labeled by CAAX-GFP. EVL 
knockdown cell sheet viewed from apical side. Frame interval, 30 s. Compare with 
Movie 3.6. 
Movie 3.8. 
3-dimensional reconstruction of lateral membranes labeled by CAAX-GFP. EVL 
knockdown cell sheet viewed from basal side. Frame interval, 30 s. Compare with 
Movie 3.6. 
Movie 3.9. 
A membrane punctum labeled by CAAX-GFP bursts into a hernia. EVL knockdown cell 
sheet. Frame interval is 30 s, shown as min:sec. 
Movie 3.10. 
GFP-β-actin (green) and a lipophilic dye CellMask (magenta) showing microspikes on 
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Figure 3.1. Mesoscale puncta at the cell-cell interface are convoluted plasma 
membranes. (A) 3 domains of epithelial cells. One of the lateral membranes is shaded 
gray. The horizontal plane indicates the focus plane in C to G. (B and C) Canine kidney 
epithelial cell sheets co-expressing a plasma membrane-targeted green fluorescent 
protein (CAAX-GFP) and an E-cadherin fused to mCherry (magenta). Arrows, 
microspikes at apical junctions (Li et al., 2020a). Arrowheads, voids between E-cadherin 
puncta. Asterisks, membrane puncta. Ves, intracellular vesicles. The plots show the 
density of markers along membranes and the cadherin:membrane ratio (red line = 1). 
(D) E-cadherin-GFP (green) is co-stained with a lipophilic dye (magenta). (E) The 
curves show the averaged linescan orthogonal to the membrane at flat regions (solid 
line) and puncta (dashed line and asterisks). Inset plot, mean membrane thickness (± 
SEM). N = 30 flat regions and 58 puncta in 6 cells. *** P < 6×10-8, 2-sided t-test. (F) 
Fluorescence recovery after photobleaching (FRAP) of E-cadherin in a flat region (solid 
line) and a punctum (dashed line). The plot shows the intensity corrected for 
background bleaching. (G) FRAP of the lipidated GFP. Punctum #3 (circle) is bleached. 
The plot shows the intensity of each punctum (solid lines) and background (dashed 
line). Inset, -0.5 to 0.5 s. (H) Two models to explain mesoscale cadherin puncta (color 





Figure 3.2. Stable puncta are sites of dynamic actin protrusions. (A) Cell sheets co-
expressing membrane GFP (green) and the filamentous actin marker, UtrCH (magenta). 
The plots show the density of markers and the actin:membrane ratio. (B) GFP-β-actin 
(green) and the lipophilic dye (magenta). (C and D) Time lapse imaging of membrane 
puncta. (C) All puncta persist throughout the movie (black asterisks); dynamic 
protrusion (red) and retraction (blue) events occur at these puncta. (D) Kymograph 
drawn perpendicular to the junction shows protrusions (arrows) at puncta but not flat 
membranes. (E) Actin puncta (asterisks) after treated with cytochalasin D (200 nM, 0.5 
h) or the vehicle (dimethylsulfoxide). (F) Cell 1 co-expresses markers for membrane 
(green) and actin (magenta) and is next to the non-labeled cell 2. The asterisk shows a 
punctum that appears as overlapping circles of membrane and actin when viewed en 
face (XZ); the membrane distends into cell 1 likely to encapsulate a microspike from cell 
2 (XY and YZ, arrows). Besides microspikes (arrows), the XY slice at Z = 4.4 µm shows 
apical surface microvilli; Z = 3.3 µm, apical junction; Z = 2.2 and 1.1 µm, puncta; Z = 0, 
basal membrane. (G) Like F but cell 1 is only labeled for membrane (green) and cell 2 
only for actin (magenta). Dashed lines, cell boundary. All arrows point in the direction of 





Figure 3.3. Actin protrusions anchor lateral membranes through interdigitation. (A and 
B) Z sections of 2 cells in a cell sheet expressing the green and magenta E-cadherin 
markers, respectively. Scale bar, 1 µm. (A) 1.8 mM normal media (+Ca). (B) 90 µM low 
calcium media treated for 1 d (–Ca). (C) Percentage of microspikes that are engaged 
with one another. From left, N = 32, 106, 14, and 74 microspikes in 2 cells (+Ca) and 4 
cells (–Ca). (D) Time lapse images of lateral junction between cell 1 expressing E-
cadherin-GFP (green) and cell 2 expressing mChe-UtrCH (magenta). The binary image 
is the sum of 2 colors, which resembles the membrane puncta seen with homogenous 
labeling (Figure 3.2, C and E). Compare the bead-like puncta with the pointed 
microspikes inside them. Scale bar, 1 µm. (E) Vertical thin section electron micrograph 
of a cell sheet. The image essentially shows the red line in the cartoon. Scale bar, 200 
nm. Symbols in all images: arrows, microspike; asterisks, membrane cavities 
encapsulating the incoming microspikes; bracket, apical junctional complex; #, 
desmosome; dashed line, a view angle crossing 6 layers of membranes; solid and 





Figure 3.4. Actin polymerization but not myosin II contractility is required for lateral 
membrane protrusion and adhesion. (A to F) Control, EVL, CRMP-1 or Arp3 knockdown 
cell sheets, and control treated with an Arp2/3 inhibitor CK-666 (100 µM, 0.5 h). Colored 
inset, 2 cells labeled green and magenta, respectively (Scale bar, 1 μm). (B and D) 
Density of microspikes (B) and hernias (D) normalized to the lateral membrane area, 
pooled from 2 experiments. (E) 3-dimensional reconstruction of the blue box in C. (F) 
The montage shows a membrane punctum inflating into a hernia in an EVL knockdown 
cell sheet (oval). The plot shows the conservation of membranes within the oval after 
the punctum releases the convoluted membranes stored within (mean ± SD, N = 9 
puncta). (G and H) Cell sheets of mixed green or magenta cells treated with normal or 
low calcium media (90 µM, 1 d). (I to L) Cell sheets treated with a myosin II inhibitor (–)-
blebbistatin (BB, 50 µM, 0.5 h). All bar plots show mean ± SEM (N = number of 
junctions) with P values calculated by 2-sided t-test comparing with control: # P = 0.06, 
*** P < 0.001, ** P < 0.01, * P < 0.05. Symbols in all images: arrows show microspikes 
in A and K and membrane puncta in C; arrowheads, hernias; asterisks, cells expressing 




Figure 3.5. The plasma membrane markers. (A and B) Canine kidney epithelial cell 
sheet coexpressing CAAX-GFP (green) and E-cadherin-mCherry (magenta). Z = 4 μm, 
apical junction; 3 and 2 μm, lateral junction; 1 μm, basal lamellipodia; 0 μm, basal plane.  
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Figure 3.5 (cont.) The yellow boxes are shown in Figure 3.1. Note that E-cadherin 
colocalizes with the lipidated GFP everywhere on basolateral plasma membrane but not 
the apical surface and microvilli, as expected for E-cadherin. (B) The vertical section 
(along the cyan line in A) shows lateral membranes of 2 cells are closely touching. (C) 
Live canine kidney epithelial cell sheets sporadically expressing E-cadherin-GFP 
(asterisks) are stained with a lipophilic dye, CellMask. Yellow box, the junction between 
2 green cells is shown in Figure 3.1. (D) The curves show the average of intensity 
linescan orthogonal to the membrane at the flat regions (arrowheads and solid lines) 
and puncta (arrows and dashed lines). (E) Mean membrane thickness (± SEM) 
measured with different markers. The number of linescan (N). *** P < 6×10-8, ** P < 
0.01, 2-sided t-test. Note that the thickness of flat membranes is larger than the 
theoretical resolution limit of the microscope, d = 125 nm (calculated by d = 0.61λ/1.7NA 
with λ = 488 nm, Numerical Aperture = 1.4, and 1.7-fold improvement by the AiryScan 
detector) but consistent between the CAAX-GFP (λ = 488 nm, Figure 3.1) and E-
cadherin-mChe markers (λ = 561 nm), which can only be explained by membrane 
deformation but not planar clustering. (F to I) CAAX-GFP (F and G) and CellMask (H 
and I) labeling of truly flat membranes in the lamellipodia. Note the lack of mesoscale 
puncta or membrane domains. The plots show intensity linescan of the red lines in the 
images; solid line is membrane and dashed line is actin; the curves’ right end is outside 
the cell. Arrow, membrane ruffling at the leading edge. Bracket, lamellipodia. Asterisks, 
blebs due to fixation. Cells lively labeled with CellMask are fixed without 
permeabilization. (J) CAAX-GFP is photobleached (circle) to a less extent than Figure 
3.1 thus recovers to the equilibrium faster with the adjacent membranes (solid curve). 
Dashed curve shows background bleaching due to imaging. The 2 curves meet means 
this marker is close to completely mobile thus unlikely associated with any stable 








Figure 3.6. Cadherin homophilic bonds are required for maintaining apical junctions 
(AJ) and lateral junctions (LJ) but not cadherin nanoclusters. (A, C, D) Validation of low  
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Figure 3.6 (cont.) calcium treatment (90 µM, 1 d, which severely disrupts trans 
interactions (Pokutta et al., 1994; Pertz et al., 1999; Klingelhöfer et al., 2002; Hong et 
al., 2011)). (A) Staining of junctional and cortical actin, and apical junctional marker ZO-
1 decrease due to low calcium. Cadherin antibody (rr1) staining increases at both AJ 
(arrow) and LJ (arrowheads) though adhesive activity is weakened at both junctions 
shown by the broken tight junction (see C and D) and lateral membrane hernias (Figure 
3.4). Further, the maintenance of both AJ and LJ is actin dependent (Tang and Brieher, 
2012); actin is found to be disrupted at both the AJ and the cortex. Cadherin 
nanoclusters are not affected (see enlarged images on the far right, scale bar 1 µm), but 
they are still insufficient for junction maintenance (Klingelhöfer et al., 2002). Scale bar, 5 
μm. The plots show interquartile range (IQR, box) with mean (cross). N ≥ 74 cells. *** P 
< 10-4, 2-sided t-test. The segmentation scheme shows how AJ and LJ E-cadherin is 
measured. (B) For comparison, zero calcium treatment (phosphate buffered saline plus 
3 mM Mg2+, 0.5 h) completely dissolves the cell-cell adhesion thus prevents further 
analysis. Scale bar, 5 μm. (C) An assay of cadherin dependent apical junction complex 
maintenance (Gumbiner and Simons, 1986). An anti-E-cadherin antibody (rr1) gains 
access to the lateral surface due to low calcium. The cells grown on coverslips were not 
permeabilized so that the antibody only stains the surface cadherins. This antibody 
sparsely binds to the apical surface cadherins (arrowheads) in the normal media but 
has access to the lateral surface cadherins (arrows) in low calcium. Red polygons trace 
the shape of 1 cell in the cell sheet. The negative control with only secondary antibody 
but no rr1 antibody shows that the staining is specific. Scale bar, 25 μm. (D) Surface E-
cadherin staining intensity. IQR with mean. N = 2 negative control, 4 normal calcium, 
and 6 low calcium images. *** P < 10-3, 2-sided t-test. (E) Low calcium has little effect 
on the E-cadherin-mChe puncta (arrows) at AJ. Scale bar, 1 μm. The plots show 
intensity linescan normalized to its own maximum value; the left most part of the curve 
shows the non-transfected neighboring cells and reads zero intensity. Note the similar 
amplitude and width of peaks in the 2 plots. (F) Low calcium does not change the 
frequency of microspikes at AJ. The plot shows mean ± SEM; the number of junctions 
(N) from 2 experiments; 2-sided t-test. (G) Low calcium does not change the density of 
lateral microspikes.  The plot shows IQR and mean; the number of microspikes (N); 2-
sided t-test. This density is ~50 times lower than the density needed to cover the entire 
lateral surface. At the same density compared to normal conditions, the microspikes still 
fail to appear next to one another in low calcium. Thus, the interdigitation between 
microspikes are not entirely due to random localization but specifically enhanced by 
cadherin binding (Figure 3.3). (H) Hernias (arrows) due to low calcium are viewed in a 






Figure 3.7. Cadherins are not more stable in the puncta than on the flat membranes. (A 
and B) Fluorescence recovery after photobleaching of E-cadherin-mChe. The plots 
show fluorescence recovery after photobleaching corrected for background bleaching. 
The circles show the ROIs (regions of interest) used to measure membrane quantity by 
the equation in C. The “Reference” ROI (dashed line circle) is an unbleached, flat 
membrane region of the same size as the “Bleached” ROI (solid line circle). See 
Methods. (A) A flat region and a punctum. Note their mobile fractions are similar (flat, 
0.70; punctum, 0.63). Images are used in Figure 3.1. (B) A dim punctum and a bright 
punctum. Note their mobile fractions are similar (dim, 0.54; bright, 0.57). (C) This 
equation normalizes the different expression level of cadherins in each cell. (D) The 
mobile fraction is not inversely correlated with either ROI sum intensity before 
normalization (data not shown) or membrane quantity, contrary to the previous report 
(Cavey et al., 2008). Dashed line, linear fit (Pearson’s r = 0.25, N = 8). (E) The 
correlation between the membrane quantity and half-life (Adams et al., 1998). Dashed 
line, linear fit (Pearson’s r = 0.52). (F) Cadherins on the detached hernia surface are 
less stable shown by the mobile fraction. The curves show mean ± SEM. N = 8 puncta 




Figure 3.8. Membrane puncta overlap with actin. (A and B) Lateral puncta (arrows) 
between 2 cells coexpressing CAAX-GFP (green) and mCherry-UtrCH (magenta, F-
actin marker) in a cell sheet. The junction of interest is of homogenous labeling. Z = 5 
μm, apical junction; 4 to 2 μm, lateral junction; 1 and 0 μm, basal plane. The yellow 
boxes are shown in Figure 3.2 and panel B here. Note that actin colocalizes with the 
lipidated GFP on both apical and basolateral plasma membranes as expected. (B) Time 
lapse imaging of membrane and actin puncta numbered 1–6. Arrows show their  
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Figure 3.8 (cont.) protrusion direction. All 4 puncta persisted throughout 12 minutes; 
protrusions shrunk in #1 and 2 and distended in #4. The puncta have much longer 
lifetime than individual microspikes that last for seconds (Figure 3.3). (C and D) Cell 1 
coexpresses CAAX-GFP (green) and mCherry-UtrCH (magenta). Cell 1 is surrounded 
by unlabeled neighbors. (C) Deconvoluted images. Z = 3.3 μm, apical junction 
(black/white inset: the dim membrane labeling of the microspike is revealed after 
adjusting the contrast); 2.2 to 1.1 μm, lateral junction; 0 μm, basal plane. The yellow box 
is shown as 2-color overlay XY slices in Figure 3.2 and as single channels here (Scale 
bar, 1 μm). Dashed lines show the sectioning planes of XZ and YZ in Figure 3.2. The 
cyan box is shown in D. (D) Raw images. Membrane concentrates to actin protrusions 
(arrows) but not the voids between protrusions (arrowheads). The plots show the 




Figure 3.9. Membrane puncta are stable and do not move within the lateral membrane. 
(A) Left, a tilted region of lateral membrane (yellow box) in a cell coexpressing markers 
for actin (magenta) and E-cadherin (green). (Scale bar, 5 μm.) Right, the yellow box 
tracked in the time series. Membrane puncta (yellow arrows) colocalize with actin. 
These puncta do not diffuse within the lateral membrane in a basal-to-apical direction 
(cyan arrow and yellow dashed lines) in MDCK cells confirming the previous report 
(Kametani and Takeichi, 2007). (Scale bar, 1 μm.) (B) Linescan of positions 1–4 (yellow 
dashed lines) are aligned frame by frame to generate kymographs shown here. Black 
dashed lines show the position of the punctum and apical junction (AJ). The distance 






Figure 3.10. Actin puncta but not cadherin nanoclusters are sensitive to inhibition of 
actin polymerization. (A) Cytochalasin D (actin filament plus end capper at 200 nM, 0.5 
h), latrunculin A (actin monomer sequester, 100 nM, 1 h), and CK-666 (Arp2/3 inhibitor, 
100 μM, 1 h) remove the mesoscale actin puncta (arrows) from the lateral cortex, 
whereas (–)-blebbistatin (myosin II ATPase inhibitor, 50 μM, 1 h) does not.  
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Figure 3.10 (cont.) Dimethylsulfoxide, vehicle. The 4% formaldehyde used here is 
optimal for fixing mesoscale actin puncta. See Figures 3.13, 3.14, and 3.19 for 
validation of these drugs. Scale bar, 5 μm. (B) Cytochalasin D (25 nM, 0.5 h) removes 
the mesoscale actin puncta (arrows) but not the nanoscale cadherin clusters 
(arrowheads, DECMA-1 antibody) from the lateral surface. Formaldehyde fix. The apical 
side of the tilted lateral membranes is labeled by asterisks. See Figure 3.14 for 
validation of the drug treatment. Scale bar, 5 μm (top) and 1 μm (bottom). (C) 
Cytochalasin D (200 nM, 20 minutes) removes lateral microspikes (arrows) in GFP-
UtrCH expressing cells that are surrounded by unlabeled cells. Scale bar, 5 μm. (D) The 
microspike density across the lateral membrane, which is normalized to membrane area 
in each z segment 1 µm deep (color blocks). Comparing all microspikes between control 
and cyto D, P < 10-3; comparing apical junctional microspikes, P < 0.004; comparing 
lateral junctional microspikes, P < 10-3, 2-sided t-test. N = 10 control and 8 cyto D 
treated junctions. (E) Latrunculin A (100 nM, 0.5 h) does not remove the nanoscale 
cadherin clusters (arrowheads, DECMA-1 antibody) from the lateral surface. Methanol 




Figure 3.11. Lateral microspikes point outward and are tracked by E-cadherin. (A) 
Vertical and horizontal sections of a cell co-expressing markers for actin (magenta) and 
E-cadherin (green). This cell (cell 1) is surrounded by non-labeled cells including cell 2. 
Note all microspikes point to the left (outside of cell 1’s cell body) in YZ and XY sections 
(double arrows). Microspikes may appear as mesoscale puncta before deconvolution. 
Dashed lines mark the sectioning planes. Arrows and arrowheads show E-cadherin 
puncta that are colocalized with actin or not, respectively. Asterisk and vertical dumb 
bell bar respectively mark the range of apical junction (AJ) and lateral junction (LJ) that 
are grazed by the XZ plane in which the XZ section is viewed en face. #, nanoscale 
cadherin clusters (monomers or oligomers) that are seen in both raw and deconvoluted 





Figure 3.12. Interdigitation between microspikes from neighboring 2 cells. (A) Vertical 
and horizontal sections of 2 cells expressing markers for E-cadherin (green, cell 1) and  
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Figure 3.12 (cont.) actin (magenta, cell 2) in confluent cell sheets. Dashed lines mark 
the sectioning planes. Arrows and arrowheads show the mesoscale puncta that are 
clustered with mesoscale puncta on another cell or not, respectively. Asterisk and 
vertical dumb bell bar respectively mark the range of apical junction and lateral 
membrane that are grazed by the XZ plane in which the XZ section is viewed en face. 
Note the microspikes are short and side by side, unlike the contractile actin fibers that 
are much longer and connected head-to-head at a different type of cadherin mediated 
contacts referred to as “punctate” or “focal” adherens junctions (Yonemura et al., 1995; 
Gloushankova et al., 1998; Krendel et al., 1999; Abe and Takeichi, 2008; Taguchi et al., 
2011; Twiss et al., 2012; Takeichi, 2014). (B) Same as in A but the cell sheet expresses 
a small interference RNA against Arp3. (C) Same as in A but treated in low calcium 
media (90 µM, 1 d). #, the presence of nanoscale cadherin clusters, which is unlike the 






Figure 3.13. Arp2/3 is in the lateral cortex. (A) Arp2/3 subunit p34 localization in cell 
sheets treated with vehicle (dimethylsulfoxide) or Arp2/3 inhibitor CK-666 (100 µM, 1 h). 
The p34 antibody requires methanol fixation. This experiment also validates the 
specificity of the antibody and the effects of the drug. Note that p34 largely colocalizes 
with E-cadherin (rr1 antibody) at apical and lateral junctions with the exceptions marked 
by arrows. Note the E-cadherin nanoclusters but not p34 persisted after the drug 





Figure 3.14. EVL and CRMP-1 are in the lateral cortex. (A and B) Endogenous EVL 
and CRMP-1 staining by simultaneous permeabilization/fixation. (A) Wild type cells 
treated with dimethylsulfoxide (vehicle) or cytochalasin D (25 nM). EVL and phalloidin 
staining at apical junctions (arrows) and lateral junctions (arrowheads) are decreased by 
low dose cyto D. Note the left part of the cyto D images are out of focus in the top panel; 
thus their AJs appear in the lower panel. This experiment also validates the effects of 






Figure 3.15. Actin polymerization factors regulate lateral microspikes. (A) Validation of 
knockdown. Equal total protein is loaded. The lower, unspecific band in Arp3 blot is 
likely actin, which is structurally like Arp3. p34 is another subunit of Arp2/3 complex. (B) 
Microspikes (arrows) in cells expressing mChe-UtrCH that are surrounded by non-
expressing cells. Cropped images are shown in Figure 3.4. See Figure 3.13 for 






Figure 3.16. Membrane puncta and hernias in cell sheets lacking actin polymerization. 
(A) Z slices of plasma membranes in live cell sheets. Arrows, puncta. Arrowheads, 




Figure 3.17. Membrane puncta are unstable in EVL knockdown cells and inflate into 
hernias. (A) Three-dimensional reconstruction of puncta (arrows) and hernias  
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Figure 3.17 (cont.) (arrowheads) on the plasma membranes. Right, 2 neighboring 
hernias merge and adopt a smooth surface suggesting the hernias are likely inflated by 
extracellular pressure (Latorre et al., 2018); dense patches (asterisks) at the neck of the 
2 hernias sometimes remain after herniation. Scale bar, 5 μm. Red box is shown in 
Figure 3.2C. Cyan box is shown in Figure 3.4F. (B) Kymograph of the dashed lines in A 
shows microspikes protruding in both directions from a punctum (left), a punctum 
inflating into a hernia (middle), and 2 hernias merge after their neck detach (right). Scale 





Figure 3.18. Actin microspikes and the remodeling of convoluted membranes. (A) 
Control cell sheet expressing actin-GFP (green) is stained and imaged alive with  
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Figure 3.18 (cont.) CellMask (magenta). The junction of interest is of homogenous 
labeling. Arrows show engaged microspikes from 2 cells at detached membranes. 
Arrowheads show normal, adherent lateral membranes between 2 cells. Yellow and 
cyan boxes are shown in panel C and D. (B) Co-distribution of the 2 markers in lateral 
puncta (asterisks). (C) Microspikes (arrows) protrude in the antiparallel directions at a 
region of lateral membranes that started out as detached, convoluted but undergoes 
remodeling and flattening. (D) Microspikes from 2 cells search (0 s), capture (10 s), and 
stay engaged with each other (20 s and beyond), which is associated zippering of the 
herniated membranes. The contour is generated from the membrane channel which 
shows the adherent region of 2 lateral membranes traced with dashed lines. All scale 




Figure 3.19. Myosin II contractility does not maintain cell-cell adhesion. (A) Validation of 
drug treatment. Basal stress fibers (arrows) become thin and disappear after treated by 
ML-7 (Myosin Light Chain Kinase/MLCK inhibitor, 25 μM, 0.5 h), Y-27632 (Rho-
associated Kinase/ROCK inhibitor, 25 μM, 0.5 h) or (–)-blebbistatin (myosin II ATPase 
inhibitor, 50 μM, 0.5 h). Dimethylsulfoxide, vehicle. (B) Lateral z slices of E-cadherin 
staining. Methanol fixation. Inhibiting contractility does not disrupt cell-cell adhesion in 
wild type; it rescues herniation (arrows) in EVL knockdown cells. (C) Live cell sheet 
vertical sections where cells are shaded with pseudo colors. Asterisks, marker 
expressing cells. Inhibiting contractility rescues herniation (arrows) in EVL knockdown 




Figure 3.20. The actin protrusion model of cadherin adhesion maintenance. (A) Three 
choices to keep the expansive lateral plasma membrane surfaces attached: the 
punctate (e.g. microspikes and cellular interdigitations), linear (e.g. cadherin dependent 
adherens and desmosomal junctions), and planar (e.g. plant cell walls) forms of 
contacts. (B) Interdigitated actin microspikes emerging from actin cortex (magenta) 
greatly increase the cell contact area for cadherin (green) mediated adhesion. (C) The 
actin protrusion model adds less entities than the contractility model and the clustering 
model to explain the continuous actin polymerization at mature junctions, thus it would 
better survive Occam’s razor. Actin polymerization can directly drive membrane 
protrusions to keep two cells’ cadherins close in favor of homophilic bonds; although 
filaments generated by polymerization may contribute to contractility or clustering, these 
functions are not the immediate consequences of actin polymerization per se. Further, 
the actin to drive membrane protrusions must be a dynamic population (Yamada et al., 
2005), agreeing with experimental observations; yet the actin filaments as the tracks for 





Figure 3.21. A model to explain the functions of interdigitations. (A) Two adhered cells. 
Actin cortex (magenta) and cadherin (green). (B) Adhesion failure (detachment). (C) 
Adhesion failure (slippage). (D) In addition to increasing cell-cell contact area for more 
cadherin binding, interdigitations may prevent slippage in a cadherin homophilic bond-
dependent or -independent manner. 
 
 
Table 3.1. Perturbations of lateral microspikes and hernias. 
 Microspikes Hernias 
EVL knockdown – + 
CRMP-1 knockdown – + 
Arp3 knockdown – + 
CK-666 – ND 
(–)-Blebbistatin + – 
ML-7 + (note 1) 
Y-27632 ND (note 1) 
Low calcium ± (note 2) + 
Cytochalasin D – ND 
Latrunculin A ND (note 3) + 
+, increase; –, decrease; ±, no effect, compared to control; ND, not determined. 
Note 1: these treatments rescue hernias in EVL and Arp3 knockdown cells. 
Note 2: this treatment decreases microspike engagement. 




CHAPTER 4: CONCLUSIONS AND FUTURE DIRECTIONS 
 
In Chapters 2 and 3, I proposed a new explanation of the role of continuous actin 
polymerization at cell-cell junctions. I showed actin polymerization dependent actin 
microspike protrusions arise in response to apical junctional defects as a repair 
mechanism but function constitutively though interdigitations to maintain adhesion of 
lateral membranes. In both scenarios, actin polymerization dependent, outwardly 
directed protrusive forces stabilize cadherin mediated cell-cell adhesion while myosin II 
dependent, inwardly directed contractile forces destabilize the adhesion, which 
questions the textbook model. Further, the micrometer sized clusters of cadherins are 
actin polymerization dependent membrane protrusions at apical and lateral junctions, 
questioning the applicability of the classic clustering model to explain these mesoscale 
cadherin puncta. Conceptually, our model, where the free energy from actin ATP 
hydrolysis is directly harvested by membrane protrusions to keep cells attached, is a 
more straightforward explanation of the continuous actin polymerization than the 
contractility model and the clustering model where actin are built to transmit pulling 
forces or spatially restrain cadherins. Our model should survive under the Occam’s 
razor better than the previous models: continuous actin polymerization may carry many 
functions but fast membrane protrusions are a dynamic, out-of-equilibrium process that 
can be achieved by no other cellular apparatus than the actin cytoskeleton. Thus, the 
primary function of continuous actin polymerization should be driving membrane 
protrusions. On the other hand, actin networks need not to be so short-lived and 
dependent on replenishment by polymerization if they simply function as the track for 
myosin or the fence for cadherin clusters.  
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However, myosin could still play an auxiliary and regulatory role at junctions. 
First, myosin II’s crosslinking instead of motor function is required for junction 
maintenance. This is the simplest interpretation of the inconsistent phenotypes between 
myosin II knockdown and myosin ATPase inhibition (blebbistatin) as knockdown cells 
fail to properly form junctions (Smutny et al., 2010; Heuzé et al., 2019) while blebbistatin 
does not cause cell detachment (Vaezi et al., 2002; Shewan et al., 2005; Ivanov et al., 
2005; Miyake et al., 2006). A prediction of this model is that ATPase mutants, but not 
dimerization/oligomerization mutants, should rescue myosin II knockdown; alternatively, 
mutants forming a unipolar oligomer (like a bag of golf clubs) should also rescue. There 
is a wealth of in vitro studies of how reconstituted actomyosin networks contract which 
showed the importance of crosslinking and buckling in these systems by both myosin 
and dedicated crosslinkers (Koenderink et al., 2009; Murrell and Gardel, 2012). Second, 
myosin dependent contractile force might be the monitoring mechanism to detect 
junction failure. Mechanical force dependent signaling transduction 
(mechanotransduction) is shown directly to strengthen the bonds between actin and 
alpha catenin (Buckley et al., 2014); mechanical forces directly or indirectly fortify 
junctions. It is not impossible for imbalanced forces across the junction due to cadherin 
detachment to trigger microspikes; it is proposed contractility dependent junctional 
recruitment of vinculin brings VASP to assemble actins (Leerberg et al., 2014). Third, 
myosin regulates microspikes through tuning actin turnover or network architecture. 
Microspikes clearly retract; whether retraction is due to retrograde flow or plus end 
depolymerization is unclear. I have shown that contractility drugs immediately increase 
lateral microspikes (within 0.5 h) and increase apical junctional microspikes after longer 
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treatment (12 h). Myosin II antagonizes Arp2/3 dependent protrusive actin networks that 
are associated with membrane periphery in both migrating and stationary cells mainly 
through retrograde flow (Lin and Forscher, 1995; Yang et al., 2012; Lomakin et al., 
2015) whereas microspikes arise from Arp2/3 nucleated cortex. Alternatively, one can 
imagine bipolar myosin II favors antiparallel sorting of untangled actin filaments thus 
preventing filament plus ends from converging and elongating in parallel from the cortex 
to initiate a microspike (Svitkina et al., 2003).  
A major problem emerged from my works is the difficulty to identify and even 
define the apical junction. The apical junction complex (AJC) including tight junction and 
the nearby zonula adherens (the continuous ring of adherens junctions) and 
desmosomal junctions is the typical organization in many tissues including the kidney 
tubular MDCK cells used in my works (Farquhar and Palade, 1963). Despite its historic 
and wide usage, zonula adherens is an ambiguous term; it has been used 
interchangeable with both “apical junction” (Wu et al., 2014), “intermediate junction” 
(Boller et al., 1985), and “cadherin mediated adhesive contacts” (Yonemura et al., 1995) 
while the latter three are not all the same. One should clarify when using “adherens 
junctions”, especially given the findings of actively maintained lateral junctions (Chapter 
3). I recommend using “apical junction” or “apical junctional belt” instead (Pulimeno et 
al., 2010). This argument about the terminology is not trivial because 1) many cells do 
not make linear junction at all; 2) other cell types like the widely used colon carcinoma 
cells Caco-2 have more separated tight and adherens junctions. A recently published 
preliminary result shows nectin/afadin is at the same height with the apical actin belt 
while E-cadherin is below it in Caco-2 cells (Mangeol et al., 2019). Another study shows 
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that the myosin ring is at the level of tight junction and above E-cadherin and adherens 
junction (Ebrahim et al., 2013). Whether this conclusion applies to the cell types with an 
AJC is unclear, but it should prompt us to rethink 1) whether apical junctional cadherins 
are linked to or regulated by the contractile actin belt and 2) whether some contractility 
dependent junctional regulation previously attributed to cadherins are instead through 
other cell adhesion molecules including nectin. One could take advantages of the apical 
junctional belt-specific markers like PLEKHA-7 which is localized below the tight 
junction marker ZO-1 and above the lateral membrane E-cadherin (Pulimeno et al., 
2010). In my works lateral membranes within 1 µm from the apical end is counted as 
“apical junction”. This criterion is broad compared to that for electron microscopy 
(Pulimeno et al., 2010) but is reasonable given the microscope’s limited axial resolution 
to distinguish two objects in the z direction (~600 nm). Though my works might have 
rarely counted part of the lateral junction as apical due to this criterion, the 
morphological distinction between them is clear. The apical actin belt is very prominent 
compared to the lateral actin cortex; microspikes are clustered and interdigitated at 
lateral junctions but less so at apical junctions. Both the proposed repair mechanism at 
apical junctions and the microspike interdigitation at lateral junctions could appear as 
anti-correlated spatial relation between cadherin and actin in neighboring cells if the 
linescan is drawn along the intercellular space; one should carefully distinguish the two 
scenarios by looking for microspike interdigitation.  
Our works show cells actively maintain a closely touching lateral junction, 
contrary to the previous works that underappreciated lateral junctions compared to 
apical junctions (Wu et al., 2015; Tang and Brieher, 2012; Kannan and Tang, 2018; 
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Nishimura et al., 2016; Wu et al., 2014; Kametani and Takeichi, 2007). The lack of an 
elaborate lateral contractile array should not undermine its importance (Smutny et al., 
2010; Kannan and Tang, 2018; Wu et al., 2014). Besides physical attachment between 
cells, cadherin also regulates other cell behaviors including cell proliferation and global 
cytoskeletal status (Mendonsa et al., 2018; Wildenberg et al., 2006; Zhong et al., 1997). 
Thus, lateral junctions and their defects like hernias should be reexamined in many 
cadherin dependent processes. 
An outstanding question is the structure of actin networks at junctions. For apical 
junctions, the actin belt consisted of filament bundles running parallel to adhesive 
surfaces is widely assumed to be the “standard” morphology; filaments are of mixed 
polarity within the belt, consistent with the idea of contraction (Hirokawa and Tilney, 
1982). However, this structure is largely based on the intestinal cells and ear hair cells 
in the early years (Hirokawa and Tilney, 1982; Hirokawa et al., 1983; Mooseker et al., 
1984). As discussed above, tight junction and cadherins are more separated instead of 
being close in an apical junctional complex. These cells’ actin ring (Wu et al., 2014) is 
under higher tension than MDCK kidney cells and frog embryo epithelia which have an 
AJC instead (Arnold et al., 2019; Choi et al., 2016), though the correlation between 
tension and junction morphology is unclear. Early electron microscopy works also 
showed filaments running perpendicular to adhesive surface (Hirokawa and Tilney, 
1982). Recent work using plus end markers (G-actin incorporation, capping proteins, 
etc) shows actin filaments are elongating perpendicularly towards the adhesive surfaces 
in Drosophila (Coravos and Martin, 2016). Actin appears as a prominent apical 
junctional belt in MDCK though my attempt to determine filament polarity by phalloidin 
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staining has failed due to the limited axial resolution to distinguish between cortical actin 
below the apical surface and junctional actin. For lateral junctions, the actin structure is 
regarded as “amorphous” (Takeichi, 2014) and understudied. There clearly lacks actin 
belts. My work identified microspikes as the major actin structures on lateral 
membranes. I reason the actin cortex underlying lateral membranes is structurally like 
actin cortex in isolated cells and adopts a disordered polarity of the highly crosslinked 
filaments (Fritzsche et al., 2016). A cortex of such structure can support microspikes in 
principle. Though it remains to be seen whether the plus ends are physically linked to 
the membrane as shown by early electron microscopic works (Hirokawa and Tilney, 
1982). Determining the filament polarity at both apical and lateral junctions should 
facilitate future studies though it is technically difficult for both electron and light 
microscopy; imaging epithelial cysts may overcome the difficulty for light microscopy as 
now lateral membranes can be imaged at the lateral instead of axial resolution 
(Maraspini et al., 2020).  
My second work clarified a long running mystery of micrometer sized cadherin 
puncta. Importantly, I also confirmed that nanoscale cadherin clusters persist in 
latrunculin A treatment judged by fixing and staining despite this drug causes lateral 
junction failure. Though this result does not prove nanoscale clusters are dispensable 
for strong adhesion, it emphasizes their difference from the micrometer sized puncta 
that are latrunculin-sensitive. A technical point that may clarify the controversy 
concerning nanoscale clustering of cadherins is the fixation method. Glutaraldehyde is 
more efficient to fix membranes than formaldehyde alone but was not in the major 
imaging works of cadherin clustering (Wu et al., 2015; Indra et al., 2018). Some works 
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used glutaraldehyde (Chen et al., 2015; Strale et al., 2015). Inadequate fixation can 
lead to bivalent antibody induced clustering and thus artefacts (Tanaka et al., 2010; 
Stanly et al., 2016; Huebinger et al., 2018; Pereira et al., 2019). Future studies should 
be done with the formaldehyde/glutaraldehyde mixture fixative. In my works, cadherin 
staining is assessed by formaldehyde fixation and bivalent antibody staining, but I have 
confirmed that nanoscale E-cadherin clusters are independent of actin polymerization 
by methanol fixation which removes membranes and prevents post-fixation clustering 
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